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SUMMARY 
 
As the regulatory limitations of hard-chrome plating surge, the successful application of thermal-
sprayed wear/corrosion resistant coatings on complex geometries becomes critical. Thermal 
spraying is a line-of-sight method and thus, spraying a complex geometry results to changes in the 
spray angle, the spray distance and the effective gun traverse speed. Although there has been some 
research on the effects of these kinematic parameters on the coatings, previous work tends to 
examine the kinematic parameters in isolation, disregarding of any interplay between them. Yet, 
the effective particle velocity at impingement is dictated both by spray angle and spray distance 
while the particle temperature is mainly dictated by spray distance. In addition, the heat and mass 
transfer to the underlying coating are controlled by the gun traverse speed. These facts suggest that 
significant synergistic effects are expected when the spray kinematic parameters vary 
simultaneously, as when a complex geometry is sprayed. This work aims at evaluating the systemic 
effect of the spray kinematic parameters on WC-Co coatings sprayed by HVOF. Various coating 
properties are comprehensively examined and discussed, exploring the microstructures, phase 
composition, mechanical qualities and tribological performance. Significant interplay between the 
spray kinematic parameters is demonstrated in a number of coating properties, yielding non-linear 
behaviours. The notable beneficial role of small spray angle inclinations at long spray distances, in 
regards to deposition rate, microstructure, microhardness and wear resistance is demonstrated. 
Mechanisms of the particle rebounding, superficial oxidation of the coating, metallic tungsten 
crystallization, tribofilm formation and wear damage progression are proposed, with respect to the 
spray kinematic parameters. Finally, an attempt to generalize the insights from this work to any 
given sprayable geometry takes place in a prototype software tool in Matlab. 
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CHAPTER 1   Introduction 
 
 
 
1.1 Research Motivation, Rationale and Objectives 
 
Over the past years, thermally sprayed hardmetal coatings have been successfully applied on parts 
that undergo wear/corrosion in their service significantly extending their service life. Typical 
materials for such purposes are based on tungsten or chromium carbides in a cobalt, or 
cobalt/nickel-based alloyed binder, commonly referred to as hardmetals. Though many thermal 
spray methods have been employed for that purpose, combustion methods such as high velocity 
oxy-fuel (HVOF) and high velocity air-fuel (HVAF) have established themselves as significantly 
superior from the rest, owing to their lower deposition temperatures and higher attainable particle 
velocities. Low particle temperatures are critical in these materials due to their sensitivity to 
thermal decomposition and decarburization, which embrittles the coatings and lowers the original 
carbide population. Through these effects, decarburized coatings demonstrate poor wear 
protection. Yet, these issues can effectively be mitigated with appropriate control over the 
temperature history of the particles. Meanwhile, keeping particle temperature low means that 
higher kinetic energy is required for its adequate deformation upon impingement, due to the lack 
of any thermal softening. This is where the HVOF and HVAF methods are able to surpass the other 
spray methods, being able to generate supersonic exhaust gas streams and accelerate the powder 
particles in relatively short distance from the nozzle, resulting in dense coatings with high volume 
fraction of carbides [1-3]. These developments have helped expand the scope of applications of 
hardmetal coatings, especially as the imposed legal limitations to hard chrome plating have become 
increasingly stringent in recent times, owing to its highly toxic nature [4].  
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Hard chrome plating coatings, although inferior in terms of wear performance, when compared 
with HVOF sprayed hardmetals [5] are still widely employed when coating complex geometries. 
That is because coating deposition occurs in an electrolytic bath, in an isometric manner, such that 
complex geometries can be coated reliably retaining net properties. Conversely, thermal spray 
methods are line-of-sight processes which means that there are fluctuations in (i) the angle of spray, 
(ii) the stand-off distance (SoD) between the nozzle and the substrate, and (iii) gun traverse speed 
when the spray gun traverses over a complex geometry, or equivalently when a complex geometry 
is rotated in front or around the spray gun. These variations are a function of the relative motion of 
the spray gun and the sprayed component, as such they are referred to as spray kinematic 
parameters [6]. Changes in the spray kinematic parameters during the spray process can have a 
strong effect in the characteristics of the resulting coating because they dictate the state of the 
particle at the moment of impingement. The spray angle governs the velocity components of the 
impinging particles, spray distance is directly related with the overall velocity, thermal history and 
temperature of the particle at the moment of impingement, and gun traverse speed affects the heat 
and mass transfer on the coated surface. For that reason, it is generally accepted in industry that 
any fluctuation in the spray kinematic parameters should be avoided and they should be maintained 
at the optimum values throughout the spray process [6].  
Following this notion, thermal sprayed coatings were conventionally applied on large, planar or 
axisymmetric components either by linear translation of the gun over the surface or by rotation of 
the part in front of the gun. Nevertheless, given the push from industry to replace hard chromium 
placement applications, there is a demand to coat complex parts, either externally or internally. To 
that aim, some authors have tried to improve the understanding of the effects of the spray kinematic 
parameters to the coating’s properties [7-15]. Nevertheless, the majority of such work examines 
the kinematic parameters in isolation from each other and the discussion revolves around their 
individual role in the coating process. This approach can be inaccurate in relating with real 
applications because it disregards the interplay among the kinematic parameters, which might be 
significant.  
Thus, the prime objective of this work is to identify and elucidate any interplay among the spray 
kinematic parameters that can be reflected in a measurable coating property, which would remain 
obscure by a non-systemic study. In addition to that, the isolated effects of each one of the spray 
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kinematic parameters will be re-examined and verified with the literature. To that aim, fine powders 
of WC-Co coatings, sprayed with the novel HVOF gun of Castolin Eutectic-Monitor Coatings 
(designed and built in-house) were examined at a wide variety of different spray kinematic 
conditions. Several coating properties are examined and correlated to the systemic effect of the 
spray kinematic parameters. The characterization work in this thesis can be categorized in five 
aspects, as seen in table1.1:  
 
Table 1.1 Characterization of coatings in this thesis. 
Economical 
 
Microstructure 
 Phase composition -
Reactions 
• Deposition 
rate 
• Porosity 
• WC Vol.% 
• WC size-biased retention 
• Binder mean free path  
• Three-dimensional 
characterization of the 
morphological features of 
decarburization products 
 
 
• Phase/elemental 
analysis 
• Carbide retention 
index 
• Chemical analysis 
 
 Mechanical properties  Tribology 
• Residual stresses 
• Microhardness 
 
• Surface roughness 
• Dry sliding wear resistance and friction 
coefficient 
 
 
The motivation in choosing the specific materials and spray method stems from ongoing research 
and development relating to new applications of WC-Co in internal diameter applications in the 
steel industry [16].  
 
1.2 Thesis Outline 
 
This thesis comprises seven chapters of which the first Chapter is an introduction. 
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Chapter 2 sets the background on the fundamentals of thermal spray technology and examines the 
current literature in various subjects, directly related to this work. These include basic tribological 
aspects of wear resistant coatings, insights in the interaction between the sprayed particles and the 
HVOF jet, the current state of the mechanical and microstructural properties of WC-based 
HVOF/AF sprayed coatings, the current understanding in the mechanisms of WC thermal 
dissolution and decarburization, as well as the low-temperature oxidation of WC-Co. In addition, 
some basic background on the applications of wear resistant coatings, hard chromium plating and 
its limitations is given, illustrating the significance of this work in advancing the understanding of 
the effects of spray kinematic parameters and the viability of replacing hard chromium plating with 
thermal spray methods. Finally, a review on the preceding work that focuses on the effects of the 
spray kinematic parameters is presented. 
Chapter 3 discuss in detail the materials, experimental methodology and characterization 
equipment. Basic background and the principles of operation are given for the characterization 
techniques that are employed. Furthermore, the rationale for the experimental design is discussed.  
Chapter 4 presents the results of deposition rate, residual stress, porosity and microhardness of the 
coatings. Conclusive discussion and cross-reference with related literature takes place. 
Chapter 5 presents the microstructural analysis of the coatings, comprising the WC volume 
fraction, binder mean free path, WC size-biased retention and other microstructural observations 
and discussions. In addition, the phase composition and state of decarburization of the coatings is 
discussed and correlated with the spray kinematic parameters. Furthermore, the oxygen content in 
the coatings is discussed. Mechanisms on the rebounding, and low-temperature oxidation of the 
coated surface are proposed. Lastly, the unexpected morphology of some metallic tungsten 
crystallites is explored via FIB sectioning studies. The detailed evaluation of these features 
provides insight on the mechanism of their crystallization, which remains unclear at present. 
Chapter 6 presents the tribological evaluation of the coatings, examining in detail their response to 
low-load dry sliding wear. The wear debris production and tribofilm creation are correlated with 
the spray kinematic parameters and mechanisms that dictate the wear of the coatings, tribofilm 
build-up and its role in the wear performance are proposed. The friction coefficient and wear 
resistance of the coatings are correlated with their mechanical and microstructural properties that 
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are discussed in chapters 4 and 5, resulting in an evaluation of their significance in determining the 
coatings wear performance. 
Chapter 7 presents the general conclusions of this work and re-evaluates the highlights and 
contribution to the field. Moreover recommendations for future work are made. 
APPENDIX A is used to outline the development of a prototype software tool in Matlab which is 
able to analyze any given geometry and project the expected coating properties on it, in line with 
the experimental observations made in this thesis. All the examined coating properties can be 
evaluated on any given sprayable geometry, including internal and external spraying. This tool is 
currently under development and will be an important aspect of the future work that is inspired by 
this project. 
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CHAPTER 2  Literature Review 
 
 
 
2.1 Introduction 
 
The literature review explores the current understanding of various aspects of thermal sprayed 
hardmetal coatings that are related to this work. Initially, a definition of wear and a brief 
summary of the physical mechanisms related to it are given. A broad overview of the coatings 
technology and thermal spray methods is then presented, with special focus on the high velocity 
oxy-fuel (HVOF) method and WC-based materials. Significant subjects related to the 
afomentioned materials and deposition process, such as decarburization, wear mechanisms, 
microstructure and mechanical properties are examined in more detail because they are highly 
relevant to the results of this work. Finally, the rationale behind the research is justified by 
presenting the current challenges in the industry, leading to an in-depth examination of the 
current studies dealing directly with the effect of spray kinematic parameters 
 
2.2 Tribological Aspects and Friction Force 
 
The contact and relative motion of one solid surface to another are intrinsically significant for 
many kinds of mechanisms, both artificial and natural. Whenever surfaces are displaced while 
in contact wear will occur. Wear involves damage and material removal of one or both the 
contacting surfaces. At sufficiently small scale, all solid surfaces are imperfect, surface 
irregularities and protrusions even at atomic dimensions are unavoidable [17]. The degree of 
these asperities can be quantified by the calculation of surface roughness. It is through the 
contact in these localized irregularities that all the forces between the two surfaces are exerted.  
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The sum of these forces constitutes the friction force, which is defined as the resistance 
encountered by a body in moving over another [18]. There are two kinds of friction forces: static 
and dynamic. Static friction can be defined as the resistance against displacement of a solid body 
being initially at rest, while in contact with another body, while dynamic friction concerns 
bodies that are already in relative motion [19]. Dynamic friction is lower in magnitude than the 
static one and is proportional to the normal load (eq.2.1) [18]: 
 
 =    (2.1) 
 
Where  is the friction force,  is the coefficient of friction and  is the normal load. 
Empirically, it has also been stated that the friction force is independent of the apparent area of 
sliding interface and the sliding velocity of the contacting bodies. Yet, the latter has limited 
range of validity since sliding velocity dictates the energy dissipation and temperature in the 
sliding interface, which in turn, controls the chemical reactivity and production of phases locally 
that affect the friction force [18]. 
 
2.2.1 Types of Wear 
 
Even though there is more than one way to categorize wear mechanisms, the most established 
approach relies on the physical mechanisms via which material loss occurs. These basic 
mechanisms are [6,19-21]: 
• Adhesive wear, associated with the local welding, fracture and material transfer that 
occurs at the contacting asperities between the sliding surfaces. The welding is achieved 
via interatomic forces [6]. Adhesive wear can be mild, when the wear debris production 
is proportional to load and distance travelled and severe, when such proportionality is 
disrupted by the overwhelming wear debris production [19]. 
• Abrasive wear, associated with cutting that occurs on the weaker surface, when there is 
a significant difference in the hardness of the mating surfaces. Abrasion can be two-
body (as described above), or three-body, in which hard particles (or wear debris) are 
introduced in the sliding interface yielding a more complex and aggressive wear 
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mechanism that depends on (i) the hardness, fracture toughness and size of the 
abrasives, (ii) the hardness and roughness of the participating surfaces and (iii) the load 
and relative motion of the surfaces [6]  
• Fatigue wear, which occurs via the progressive propagation of cracks under cyclic or 
repetitive loading at levels below the yield stress of the material. The cyclic loading can 
be either low of high frequency. Ultimately, the cracks join up and result in spallations 
and material removal. Fatigue cracks are initiated either at the surface or subsurface and 
propagate in a direction governed by the internal stress distribution, loading conditions 
and inhomogeneities in the microstructure, such as porosity [6].  
Further distinction of the wear mechanisms, can be made that relate to the conditions of wear 
[6,19]: 
• Impact wear/erosion, occurring by the impingement of particles onto a surface. At low 
impingement angles, material loss occurs via micro-cutting whereas at normal angles 
damage is induced by deformation and fatigue in ductile materials and by micro-
cracking at ceramics. Therefore, the surface hardness is crucially important in erosion at 
low impingement angles, but fracture toughness is more important at near-normal 
impingement angles [6]. 
• Fretting wear, which occurs when the contacting surfaces undergo very small amplitude 
oscillations, as low as 10-7 mm. The friction force is responsible for the production of 
fine oxidized debris that are easily trapped in the sliding interface, due to the non-
continuous sliding of the contacting bodies. Ultimately, three-body abrasion emerges 
that accelerates the wear damage [6]. 
• Corrosion wear, which is associated with the simultaneous action of corrosion and 
sliding wear, when the environmental conditions are corrosive. The products of 
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corrosion (oxide scales) are easy to be removed by the sliding motion, continuously 
exposing the surface for further corrosion and enabling further material removal [19]. 
 
2.3 Thermal Spray Coatings 
 
2.3.1 The Need for Coatings 
 
The industrial revolution has transformed and reshaped every aspect of human life and activity. 
Large scale production and advances in technology and applied science brought a multitude of 
new applications and products. With the increase in scale, the general approach to 
manufacturing was also altered. The production of large volumes demanded consistency and 
highlighted the value of optimization.  Along these lines, it became clear that certain 
applications demanded combinations of material characteristics that could not be met with the 
use of any pure, single material. Furthermore, considering the various costs related with 
sourcing, handling and processing different materials, the economic viability became a 
significant factor in choosing the right material for a certain application. In that manner, surface 
modification and coatings were exploited in order to produce end parts that combine functional 
features that are inherent to different materials (e.g., hard, tough and lightweight). According to 
Fauchais et al. [22] the added value that coatings bring to industry can be categorized as: 
1. Extending the acceptable environmental limits of operation for many applications, 
e.g., higher temperature exposure via the employment of thermal barrier coatings. 
2. Increase the component life in adverse working conditions e.g., improved wear 
resistance via hardmetal coatings. 
3. Cheaply repair damaged equipment via local rebuilding of material where needed 
avoiding the, more expensive, replacement of the whole part. 
4. Decouple the functionality of the part with its core (substrate) material. In that way, 
the component cost is drastically reduced via coating an inexpensive material with a 
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more expensive, and superior, coating and producing a part whose properties are 
dictated by the later.  
Regarding the coating applications relevant to hardmetals, they have a history that goes back to 
1942 [3] and their scope continues to expand even today. 
 
2.3.2 Principles of Thermal Spray Deposition 
 
Thermal spray is defined by Davis [6] as: “…a group of coating processes in which finely 
divided metallic or nonmetallic materials are deposited in a molten or semi-molten condition to 
form a coating. The coating material may be in the form of powder, ceramic rod, wire, cord or 
suspension.” However, this definition is partially problematic since the cold spraying technique 
does not entail molten or semi-molten particles, nevertheless, it is considered a part of the 
thermal spray processes family. The concept behind thermal spray as a process is the progressive 
build-up of a coating via the cumulative impingement of highly energetic particles that deform 
upon impact. In that respect the deposition temperature and velocity serve the same purpose, 
which is the enabling of the plastic deformation of the impinging particles and their 
transformation into splats that bond well with each other. High temperature of the impinging 
particles facilitates their deformation via the associated yield strength relaxation whereas high 
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velocities at impact achieve plastic deformation due to their high kinetic energy. Fig.2.1 
illustrates the basic principle behind thermal spray processes.  
 
 
Figure 2.1 Principle function of the thermal spray. 
 
The spray torch serves as the unit that converts the input energy into a unidirectional stream of 
hot/energetic gas. The coatings material is then inserted into the plume and heated/accelerated 
until it is capable of forming a splat and adhere to the target surface. In the case where the 
coating material is inserted into the system in the form of wire or rod, it must melt and be 
atomized appropriately before its resulting particles can be accelerated by the spray plume. 
Approaching thermal spraying comprehensively, it can be regarded as a sum of five subsystems 
[23]: (i) the creation of the energetic gas jet, which includes the spray torch and nozzle 
equipment, the energy and gas supplies and the associated control units, (ii) the coating material 
form, which includes the preparation method of the powders (structure, morphology, size 
distribution), rods and wires employed, (iii) the atmosphere in which the process occurs (air, or 
controlled in terms of composition, humidity, pressure), (iv) the substrate material and any pre-
spray surface preparation (grit-blasting or other surface activation techniques), (v) the handling 
equipment of the thermal spray torch that control the relative motion between it and the coated 
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part. It is the control and optimization of all the above sub-systems that results in thermal 
sprayed coatings of the highest quality. 
 
2.3.3 Overview of Thermal Spray Processes 
 
The prime method for discriminating among the different thermal spray techniques concerns the 
energy source employed. Specifically, thermal spray processes can be generally divided in three 
main categories according to their input energy [3,19]: (i) electric discharge, (ii) combustion, 
(iii) decompression of gas. Each of those main categories comprises of a number of thermal 
spray techniques that differ in terms of structural configuration and differences in their 
respective subsystems (spray torch, starting material, atmosphere, input fuel etc.) as defined 
above. Fig.2.2 presents an organization of the thermal spray processes in regards to their energy 
source, excluding cold spray since it does not fall in the exact definition of thermal spray process 
[22]. The appropriate feeding coating material input format is also noted bellow each process in 
Fig.2.2. 
 
Figure 2.2 Thermal spray processes [22]. 
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The combustion processes comprise of: (i) flame spray, (ii) HVOF (including HVAF) and (iii) 
detonation gun. Flame spraying is the first developed and most basic combustion process and relies 
in a continuous feed of a fuel and oxidizer to create a hot flame, capable of melting some metals 
with low melting point such as lead or tin [19]. The final gas velocity results from the compressed 
flow of the input fuel-oxidizer mix. This process can achieve gas velocities up to 100 m/s and flame 
temperature up to 3350 K [19] and can accept materials in powder or wire format. Even though 
most of the other thermal spray processes achieve higher gas velocities and temperatures, flame 
spraying is still the most widely used spray process due to its low operational costs and high 
deposition rates [22].The underlying principle of the remaining two combustion thermal spray 
processes (HVOF/AF and D-gun) is the combustion of a fuel with an oxidizer in a spatially 
confined chamber and the decompression of the combustion gas products in a way that a high-
speed unidirectional flow is produced. This is achieved by combusting the reactants upstream of a 
Laval nozzle, at high pressures, which enables attaining supersonic gas velocities. The HVOF and 
HVAF operate by maintaining a continuous flow of reactants and continuous combustion whilst 
the detonation gun relies on successive cycles of explosion and decompression of the reactants. 
The prime limitation of all combustion thermal spray processes is that the highest achievable gas 
temperature is dictated by the adiabatic flame temperature of the respective oxi-fuel mixture. In 
that way, some refractory ceramics are not able to melt a form a coating [22]. Yet, the combustion 
thermal spray processes are valued in certain applications (such as the one studied in this work) for 
this very reason. The ability to accelerate particles to high velocities whilst minimizing their 
heating during the process is highly desirable when using materials that are prone to thermal 
dissolution or thermally-controlled reactions.  
The thermal processes that use electrical power to directly heat the coating materials via an electric 
discharge arc (wire arc spray), alternatively, a working gas (or mix of gases) is heated by an electric 
discharge (direct current, radio frequency or high frequency) into plasma and, in turn, heats and 
accelerates the coating powder.  The plasma transfer arc (PTA) process differs from all the thermal 
spray processes because the substrate serves as the anode of the arc that heats the gas. There are 
several plasma-based thermal spray processes that mainly differ in terms of the deposition 
atmosphere. Normally, in a plasma spray, the working gas (monoatomic or compound) is heated 
in to tens of thousands of Kelvin and its expansion is directed into a high-velocity flow by the 
appropriate nozzle. The powder is inserted in to the hot plum via a carrier gas. Since plasma sprays 
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achieve the highest temperatures, the reaction of the coating materials with the atmosphere of 
deposition becomes an important concern. To address that, low pressure plasma spraying (LPPS) 
and vacuum plasma spray (VPS) have been developed besides the atmospheric plasma spray 
(APS)[22]. 
In terms of the maximum velocity of the gas stream, it is clear that the thermal spray techniques 
that utilize the decompression of expanding gasses (HVOF/AF, D-gun, APS,VPS,LLPS) are 
markedly superior to the ones that use a separate feed of gas in order to achieve the acceleration of 
particles/droplets (flame spray and wire arc spray).  Thus, they are commonly preferred when the 
application demands dense, mechanically durable coatings. Yet, the former processes are also more 
cost intensive and so flame spray and wire arc spray are still preferred coating applications where 
the coating uniformity and structural performance is not a consideration.  
Fig.2.3 [22] maps the typical performance in terms of gas temperature and velocity of the various 
thermal spray processes, including cold spray. It can be seen from Fig.2.3 that every process offers 
some unique coupling of gas jet velocity/temperature while there is significant overlap in many 
cases. This explains why sometimes different thermal spray approaches are adopted for a certain 
coating application. The consideration of choosing the appropriate thermal spray method must 
include, beyond the physical characteristics of the coating material and desired coating properties, 
the heat transfer to the substrate, undesirable reactions that may be triggered due to high 
temperatures and atmospheric conditions (e.g. decarburization of WC-Co) as well as economic 
viability. Most often, the higher coating quality comes at a direct trade off with process cost [22]. 
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Figure 2.3 Performance of various thermal spray methods in terms of gas velocity and temperature [22]. 
 
2.3.4 Overview of Coating Materials 
 
There is a wide variety of materials that is commercially available for use in the thermal spray 
industry and the list keeps growing. A basic categorization of the available coating materials is 
given below [6,22]: 
• Single phase materials 
o Metals and intermetallic such as cobalt –based (Stellites and Triballoys), nickel-
based (Inconel) or a combination (MCrAlY) and also pure metals such as zinc, 
aluminum, tin, stainless steel, tungsten and others. 
o Ceramics, which most often include metal oxides (Al2O3, Y-stabilized ZrO2 and 
TiO2), carbides (WC, Cr3C2, TiC and SiC). Most of the carbides are deposited in 
the form of a composite powder with a softer binder phase discussed below.  
o Polymers (nylon, PET, PEEK, PEK, PPS, PES) 
• Metal matrix Composites (MMC).  
These starting materials are also referred to as hardmetals or cermets [3] and are typically composed 
mainly of a hard ceramic phase (more than 80 wt.% ), held together by a metallic binder. The most 
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wide spread hard phases used are typically WC and Cr3C2 [3]. The concept is to combine the 
hardness and wear resistance of the hard phase with the toughness of the metallic binder. The 
binders are selected based on the good wettability with the respective ceramic phase and thermo-
physical and mechanical properties (melting point, strength, toughness). Commonly, metals that 
are used as binders in MMCs include cobalt, nickel, molybdenum and lately Fe-based [24] whereas 
materials used for the hard reinforcement have been metal carbides, oxides or borides. Popular, 
commercially available, hardmetal compositions are [3]: WC-12Co, WC-17Co, WC-10Co-4Cr, 
WC-20CrC-7Ni, Cr3C2-(20-25)NiCr (all compositions are wt.%). It is widely accepted that WC 
based coatings present the highest wear resistance, Cr3C2 based in a NiCr matrix show advantages 
in high temperature and corrosive environments, while TiC based coatings are regarded as an 
intermediate solution [3].  
 
 
2.3.4.1 Form of the Feedstock Materials 
 
As mentioned above, the feedstock material for the thermal spray processes can be in the form of 
powders, wires, rods and cords considering the limitations of each process (Fig.2.2). Rods and 
cords are devoted to flame spraying with the former being composed most often by extruded and 
sintered oxide materials and the later of ceramic or non-ductile materials, wrapped in an external 
sheath made by cellulosic material [22]. Wires are used in more thermal spray techniques (wire arc 
spray, HVOF) and they are typically made from ductile metals or alloys. As the wire is 
continuously fed into the gun nozzle its extremity is progressively melt and atomized via a 
pressurized gas flow. Non-ductile materials can be thermally sprayed in the form of cored wires. 
Compared to powders the advantage of the wires and rods is (i) the higher material feed rate [22] 
and (ii) the resulting molten particles are nearly single sized which, in turn,  results in a more 
homogenous lamellae in the coating [19]. Nevertheless, the thermal spray processes that accept 
wire and rod material feed (flame spray and wire arc spray) are not capable of very high plume 
velocities and the resulting coatings are markedly more porous than the ones deposited by the 
superior thermal spray processes. At present, more thermal spray applications accept powders [19] 
and this will be the focus of this work.  
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2.3.4.2 Powders 
 
The form of the material feed plays a key role in the final coatings characteristics. One of the 
reasons why powders have a wider base of thermal applications versus wires, rods etc. is that they 
allow for deeper fine tuning of their characteristics which translates in to a higher degree of control 
over the coating quality. There are more than a few aspects of powder properties that dictate 
coatings characteristics and the respective thermal spray process performance (deposition 
efficiently, deposition rate etc.). Such effective powder characteristics are [22]: 
• Powder morphology, which is closely related to the manufacturing route. 
Morphological features of powders include: porosity, surface-to-volume ratio, 
shape of particles, and local concentration of reinforcement-to-binder phase. These 
features affect the heat exchange and reactivity with the thermal spray jet, as well 
as the acceleration of the powder particles and impact conditions. 
• Size distribution, which is an important feature of the powder particles and a good 
indicator of the inhomogeneity of the microstructure in the end coating. A broad 
size distribution equates in an equally broad variance in conditions of impact 
(particle velocity and temperature) and phase content. This variance is reflected in 
the coating microstructure.   
• Transportation properties, which are responsible for any fluctuations in the feed rate 
of powder (or even clogging). In turn such fluctuation are critical since they directly 
affect the heat exchange and general interaction of the powder particles with the 
thermal spray jet. 
• Injection technique, which can be axial or radial. In addition to the injection 
technique, the point of powder entrainment in the thermal spray jet are significant 
decisions since they control the interaction of the powder particles with the spray 
jet. 
• Chemical composition, which should be considered along with the intended thermal 
spray method. Certain elements and compounds are sensitive to unwanted reactions 
and decompositions when they reach the elevated temperatures of the thermal spray 
deposition. In order to avoid such phenomena, cooler thermal spray processes 
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should be considered (HVOF/AF, cold spray) or controlling the deposition 
atmosphere. 
• Crystalline phase size and distribution, which can affect the thermophysical 
properties of the particles and through that, it can affect the impact and splat 
formation stage. 
• Moisture content, which can significantly affect the interaction of the powder 
particles with the hot thermal spray jet. Moreover it can easily be avoided by pre-
heating the powder particles before deposition. 
 
2.3.4.3 WC-Co Powders  
 
The family of WC-Co hardmetals is arguably the most widely used in the wear resistance thermally 
sprayed coatings applications. Even though WC is not the hardest nor has the highest melting point 
of the refractory carbides (TiC, ZrC, HfC, NbC), it is favored due to its more stable hardness with 
increasing temperatures [25] and relative toughness. The reasons of the dominance of Co as a 
preferred binder for WC grains lies in its capacity to (i) not form carbides, (ii) have a wetting angle 
of 00 with WC and (ii) WC is partially soluble to Co, which provides strong adhesion between the 
two [22,25,26]. Lately, Fe and Co alloys are examined as substitutions to Co for WC binding [27]. 
Yet, WC is unstable at high temperatures, prone to oxidation and dissolves rapidly when in contact 
with liquid Co [3,26]. This makes it challenging to deposit WC-Co coatings via thermal spray 
methods, especially via plasma based techniques due to their very high deposition temperatures 
[3,19,22]. In that respect, lower temperature thermal sprat techniques such as combustion based 
HVOF/AF are preferred for the deposition of WC-Co coatings. The exact phase changes of WC-
Co which occur during thermal spraying will be discussed and analyzed in detail in section 
2.3.5.5.2. 
 
2.3.5 High Velocity Oxy-Fuel (HVOF) WC-based Coatings 
 
2.3.5.1 The HVOF Method 
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HVOF is considered as the most appropriate process to deposit hardmetal coatings owing to the 
high gas velocities and low deposition temperatures [3]. This work focuses on coatings deposited 
by an HVOF method (section 3.2.3) and so a more detailed review on the basics of this thermal 
spray method follows. Fig.2.4 presents a schematic diagram of the basic configuration of an HVOF 
system. The fuel and oxygen are inserted into the combustion chamber where they are sufficiently 
mixed and ignited. The exhaust gases are guided through the nozzle and barrel and form a high-
velocity jet. The combustion chamber, nozzle and barrel of an HVOF are actively cooled by water. 
Particles can be inserted radially or axially into the plume and are accelerated towards the target 
substrate [19].  
 
Figure 2.4 Basic configuration of HVOF equipment [19]. 
 
Typical fuels for HVOF are hydrocarbon gases (C2H2, C3H6, C3H8) or liquids (kerosene) or pure 
hydrogen. The critical parameters that govern the characteristics of the HVOF jet are [19,22]: 
1. Pressure in the combustion chamber that can reach up to several mega pascals (for liquid 
fuels) yielding high gas velocities. 
2. The geometry of the nozzle-barrel dictates the pattern and velocity of the produced 
gases. Typically, a convergent barrel or a convergent-divergent (de Laval) nozzle are 
used to achieve the high velocity-jets required. 
3. The stoichiometry of the reactants with regards to the combustion reaction. 
Stoichiometric conditions ensures that all the oxygen is burnt and thus (i) maximum 
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amount of thermal energy is released, (ii) the combustion products are not capable to 
further oxidize other species. 
Under the right process parameters, HVOF jets can achieve supersonic velocities. Typical flame 
temperatures for commercial HVOF systems are around 2500 to 3000 K and jet velocities from 
1600 to 2000 m/s [19].  An important note on typical commercial HVOF systems is that the 
recommended spray stand-off distance (150 to 300 mm) is notably larger than the plasma and 
flame spray processes due to the excessive convective heating of the coated surface that will 
occur at shorter distances, owing to the high velocity hot jet. 
 
2.3.5.2 Insights from Modelling Literature 
 
In [28], the HVOF spraying and impact of spherical and non-spherical particles is systematically 
studied and it is found that (i) non-spherical particles are accelerated more effectively and heated 
less than spherical particles, (ii) smaller particles are able to reach higher speeds in-flight but 
that does not guarantee higher momentum at impact due to their lower mass, (iii) smaller 
particles reach significantly higher temperatures in-flight owing to their higher specific area and 
more importantly, (iv) there is a linear and inversely proportional relation between particle 
temperature and particle velocity at impact, in order to achieve successful deposition (critical 
impact parameters) seen in Fig.2.5. In Fig.2.5, it is shown how large particles (60 μm) fail to 
meet the critical impact parameters and thus, are not able to form splats. 
In the work of Kamnis et al. [29], the effect of porosity in the powder to the in-flight dynamics 
of the HVOF jet is studied. The authors report that porous particles are accelerated more 
effectively and reach higher velocities in-flight. Furthermore, porous particles reach higher 
surface temperatures owing to their higher superficial specific area. As a result, it is suggested 
that, for particles averaging 40 μm in size, porosity can have a beneficial overall effect to their 
ability to be successfully deposited and build-up a coating, increasing the deposition efficiency. 
Gu et al. [30], modeling the HVOF jet, correlated the critical impact conditions (adequate 
conditions to achieve deformation and coating build-up) of the impinging particles with their 
size and temperature. It is shown that there is a proportional increase in the critical velocity with 
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an increase in particle size and a proportional decrease in the critical velocity with increasing 
particle temperature due to the associated thermal softening. 
 
 
Figure 2.5 Critical impact parameters for spherical particles [28]. 
 
2.3.5.3 Mechanical Properties of HVOF/AF WC-based Coatings 
 
The overall residual stress in the HVOF/AF sprayed hardmetal coatings is a summation of three 
sources of stress. These are: (i) the quenching stresses, (ii) the cooling stresses and (iii) the 
peening stresses. The quenching stresses are generated from the rapid solidification of any 
molten particles that impinge the target surface. These stresses are always tensile in nature since 
the solid contacting substrate or underline coating does not accommodate the splat’s contraction 
[31,32]. However their occurrence is limited in HVOF (and especially HVAF) since the low 
deposition temperatures result in a significant fraction of the particles to impinge at solid state.  
The cooling stresses are caused from the relative difference in thermal expansion coefficients 
between the coating and the substrate. These stresses arise during the cooling of the coating- 
substrate system that occurs post-spray (secondary cooling) and can be compressive or tensile, 
depending on the expansion coefficients of the coating and substrate material. Quenching and 
cooling stresses constitute the thermal stresses in the coating and overall, they can be tensile or 
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compressive depending on the sign outcome of their addition [31,32]. The cooling stresses of 
HVOF/AF coatings are also expected to be significantly lower versus plasma based spray 
methods due to the associated lower deposition temperatures.  Finally, in the case of HVOF/AF 
coatings, peening stresses are considered the major contributor in the overall residual stresses 
of the coating system, owing to the high particle velocity at impact and low deposition 
temperatures [32]. Peening stresses are compressive in nature and are generated by the 
cumulative plastic strain of the deposited coating layer, under the impingement of energetic, 
solid particles [32,33] 
Generally, compressive residual stresses are highly desired for coatings in wear intensive 
application because of their crack suppression quality [31,34]. Due to that, their measurement 
is often a necessary quality control check in the production of such coatings. Luo et.al [35] 
experimentally demonstrate the beneficial role of compressive residuals stresses to the sliding 
wear resistance of WC-Co coatings. Furthermore the residual stress profile has been found to 
be sensitive to the coating thickness due to changes in the magnitude of quenching and cooling 
stresses [36]. 
Another prime mechanical aspect of the hardmetal coatings is hardness and microhardness. Due 
to their easy and inexpensive measurement process, they are commonly used as a benchmark 
value for ranking the quality of such coatings. The most standard measuring method is ASTM 
E-384 [3]. The hardness of hardmetal coatings is a function of a number of coating properties 
[37] such as WC content, porosity, intersplat cohesion, residual stresses, WC grain size [38] and 
hardening of the binder phase [3,39]. It is this dependence of microhardness to the binder 
properties that has led to some authors to dispute its reliability as an indicator for the wear 
performance of the coatings [11,40-42] while others report a good correlation [43,44]. Qiao et 
al. [45] describes the relation between hardness and wear resistance eloquently suggesting that 
only the highest wear resistance is indicated and proportional to hardness, with significant 
volatility in the wear resistance due to the existence of brittle phases in the microstructure. A 
binder that is contaminated with diffused W, C, W2C and η-phases (M6C or M12C) can appear 
harder than pure cobalt, yet it is highly brittle, yielding a false estimation for the wear 
performance of the respective coating [24,38,46]. For that reason, a microhardness test 
combined with a fracture toughness test, are a more reliable projection of the tribological 
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durability of the coating [39,47]. Ma et.al [46] confirms just that, reporting a good correlation 
between the dry sliding wear resistance and the product of hardness and fracture toughness 
(HV•KIC) of HVOF sprayed WC-Co coatings. In addition, microhardness and macroscopic 
surface hardness tests are affected by different volumes in the coating, thus certain 
microstructural changes might be obscured in macro-hardness due to the much larger volume 
of microstructure that is examined. 
 
2.3.5.4 Microstructure of HVOF/AF WC-based Coatings 
 
Thermal spray coatings are characterized by a variety of microstructures that depend on a number 
of factors such as the starting powder, the spray process, the spray process parameters and the 
kinematic spray parameters. It is widely established that HVOF/AF methods yield much more WC-
rich and defect-free microstructures, versus the other spray methods (Arc, flame or plasma based). 
The detrimental effect of in-flight overheating is demonstrated in Fig.2.6 [3,48] where the APS 
and HVOF are used to deposit the same powder (WC–(W,Cr)2C–Ni), and the respective 
microstructures are seen. The APS results in a microstructure almost completely depleted of any 
WC reinforcement due to thermal dissolution while the coating sprayed via HVOF retains a similar 
WC content to the starting powder. 
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Figure 2.6 Comparison of microstructures resulting from APS and HVOF [3,48]. 
 
It is established that a uniform microstructure, with a high content of WC grains is the objective 
for WC-Co coatings [49]. The standard ways of quantifying the microstructural observations in 
WC-Co coatings is the estimation of the WC content (Vol. %) and the binder mean free path 
[38,49], which is a measure of the homogenous distribution of the existing WC grains in the 
microstructure. 
Another important microstructural feature of the coatings that affects wear resistance is porosity 
[19]. The size and distribution of pores dictates the coatings’ resistance to crack propagation and 
fatigue related failure, both of which are critical in the longevity of parts in wear intensive 
applications. Typically, the origin of porosity in the coating’s microstructure can be either from the 
incomplete compaction of neighboring splats [49] or from the in-flight oxidation of C that is 
dissolved in the molten binder [49-51]. The former is relevant to spray processes of lower 
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temperatures, involving solid particle impingements and imperfect compaction and the latter is 
relevant primarily to high temperature spray methods that enable extended in-flight 
decarburization. Additionally, another mechanism of porosity generation, termed “shadowing” is 
proposed by Davis [6] which becomes evident mostly for spray angles lower than 450. Essentially, 
protrusions on the coated surface conceal the adjacent interstices from the line of sight spray 
process, resulting in large pores in the final coating (Fig.2.7). Shadowing porosity is expected to 
be characterized by a variable pore sizes, reflecting the variable shadowing effect of individual 
protrusions.  
 
 
Figure 2.7 Porosity via shadowing via oblique deposition angles [6]. 
 
2.3.5.5 Decarburization of WC-based Coatings 
 
In thermally sprayed cermets, the loss of carbon (decarburization) can occur in two discrete ways, 
either via the physical removal of the carbide grains due to disengagement of the powder particle 
and rebounding at impact [52,53], or via high temperature reactions, dissolution and diffusion that 
occur mainly in the in-flight stage of the particle [2,3,38,49,50,54,55]. Generally, when the term 
“decarburization” is used the latter mechanism is indicated. 
 
2.3.5.5.1 Rebounding-Exposing of WC Mechanism 
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In [53] Cr3C2-25NiCr powders are HVOF sprayed into water and on a substrate. The sprayed 
powders collected in water showed much higher Cr3C2 content than the respective coating 
suggesting that most of the carbide loss occurred after particle impingement at the surface. In the 
same work, it is revealed that the main component of carbon loss in HVOF sprayed hardmetal 
coatings is via the larger carbide rebounding at the splat formation stage. Specifically a rebounding 
mechanism is detailed that considers the size of the carbides and the expected splat thickness 
(which is a function of particle velocity, content of melted binder phase, viscosity and surface 
tension of the liquid binder). If the carbide size is large enough to be exposed from its parent splat 
(Fig.2.8), it is prone to rebound, or be removed by the shear gas jets of the traversing HVOF plume. 
Moreover, an empirical model that describes the mechanism is proposed [53]. It should be noted 
that the rebounding mechanism that is discussed in [53] demands that the impinging particles are 
adequately molten so that they form splats so that the exposing of large carbides can occur. That 
means that it is not relevant to cases where the impinging particles are still solid at the moment of 
impact with the target surface. 
 
 
Figure 2.8 Detailed exposing of large Cr3C2 grains from their parent splat [53]. 
 
The same mechanism is discussed in [52], where WC-Co and Cr3C2-25NiCr powders are examined 
and the effect of large carbide removal to microstructure and wear performance of coatings is 
assessed. Moreover, in [52] it is stated that lower velocity spray methods such as APS avoid the 
carbide exposing and rebounding that is seen in HVOF, yet their very high temperatures and longer 
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particle dwell time in-flight lead to more aggressive thermal dissolution of carbides, which is 
detailed below. 
 
2.3.5.5.2 Thermal Dissolution and Oxidation of WC-Co 
 
The thermal decomposition and oxidation of WC that ultimately leads to removal of carbon from 
the system has been extensively studied in literature and a number of possible mechanism and 
reactions have been suggested. One of the most widely adopted route for the thermal decomposition 
and decarburization of WC was suggested for APS spraying by Vinayo et al. [56]: 
 
2  →   +      (1) 
 + 1 2   →   (, )    (2) 
 (, ) → 2 +     (3) 
 
Even though any plasma based spray process is expected to yield more severe decarburization of 
the WC than HVOF due to the higher temperatures and increased dwell time of the particle in the 
spray plume, W2C and metallic W have been identified in HVOF sprayed WC-Co coatings also 
[1,2,49,54,57,58]. It is widely accepted that all the decarburization reactions and associated 
dissolution occurs either in-flight of the particle, or during splat formation [50]. Yet, the latter is 
more relevant to plasma-based spray processes where, significant fraction of the impinging 
particles arrive at the target in a liquid state (since WC is only prone to dissolution when in contact 
with liquid Co [1,49]). Yet, even at plasma spraying, Yuan et al. [2] reports that 71.03% of WC 
particles lost their carbon and produced W2C, in flight, which is in good agreement with [50] where 
the 75.82% of the overall transformation of the WC-Co powder is seen to occur in-flight. These 
two studies suggest that the decarburization mechanisms are active predominantly in-flight, even 
for the high temperature plasma spraying, which surely results in liquid particle impingements. 
Furthermore, the decarburization occurring in-flight should be expected to be main component of 
the total decarburization in the final coating since the solidification of molten particles occurs in 
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timeframes in the order on microseconds [53,54], over two order of magnitude shorter than the in-
flight times, which are in the order of milliseconds [3].  
 
In order to examine the in-flight (HVOF) chemical and phase alterations of WC-Co powder 
particles, certain facts should be considered. First, the gas jet temperature of modern HVOF process 
approximates 2000 K [28,49]. Secondly, the exposed WC grains are not expected to experience 
any melting since their melting temperature is significantly higher (3143 K [2,49]) than the HVOF 
jet. On the other hand, the melting temperature of cobalt is 1770 K [59] and thus, its melting is 
possible during the in-flight stage of the particles. That being said, the eutectic temperature of the 
pseudo-binary pair WC-Co is at 1593 K (1320 0C) [1,27,60,61]. As seen in Fig.2.9 [62] liquidus 
phases are calculated below 1600 K in the W-C-Co system.  
 
 
Figure 2.9 W-C-Co Isothermal ternary phase diagrams [62], concentrations are in at.%, (1) Co6W6Cy, (2) Co3W3Cy 
 
Furthermore, smaller particles are more sensitive to the heating from the HVOF jet (owing to their 
high specific surface) and are able to melt earlier than larger particles [28,29,63]. Authors focusing 
on the effect of powder size to the oxidation of MCrAlY [64] and WC [65] powders have confirmed 
 Chapter 2. Literature Review 
 
29 
 
the higher sensitivity of smaller particle to the ambient temperature, reflected by an exponential 
increase in the oxygen content when the particle size is reduced. Additionally, Li et al. [64] report 
an exponential increase of oxidation in-flight (HVOF) with the decreasing particle size. 
 
Additionally, as pointed out by Stewart et al. [54], (Ellingham diagram at Fig.2.10), it is seen that 
the oxidation of carbon to CO is the most favorable reaction for temperatures above 1000 K. 
Despite that Fig.2.10 does not account for the complications in reactivity that result from the 
inaccessibility of oxygen in the binder phase and assumes oxygen partial pressure of 1 atm [54,66], 
it illustrates a clear general view of the favorability of each reaction at different temperatures.  
 
 
 Figure 2.10 Ellingham diagram for the oxidation reactions relevant to W-C-Co, data taken from [66]. 
 
 
During the flight of particles and considering that the gas jet temperature of a typical HVOF is 
around 2000 K, oxygen is expected to react with the exposed WC grains depleting carbon from the 
exposed WC surface and forming a thin WO3 film [67]. However, the direct oxidation of in-flight 
exposed carbides is negligible [68,69]. On the other hand, as soon Co is able to melt, any wetted 
WC grains dissolve rapidly enriching the surrounding binder with carbon and tungsten [49], the 
solubility of which in Co rises with increased temperatures [27]. Carbon, being a smaller element 
is much more mobile than tungsten and diffuses faster in molten Co [2,50], by doing so, it creates 
a zone around the dissolved WC grain that eventually reaches local atomic ratio of C/W close to 
½. At that point, W2C nucleation is enabled, though it is not established if it occurs in-flight or 
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during splat formation. In either case, it is well accepted that the thermal dissolution of WC grains 
is the principal mechanism for W2C formation [69], and oxidation is not essential [2]. 
 
Along with WC thermal dissolution, carbon that is dissolved in the binder is depleted either by 
oxidation at the exposed binder interfaces with the oxidizing gas mixture [1,70], or by oxidation 
occurring in the binder phase via diffused oxygen [49,50]. As these processes develop, the 
depletion of C from the Co-rich binder leads to local imbalances of C concentration in the proximity 
of the exposed binder surfaces, where the C removal occurs at higher rates. In turn, these 
concentration imbalances are a driving force of the further progression of the thermal dissolution 
and diffusion of the wetted WC grains that are close by. This is attributed to (i) the maintaining of 
concentration gradient of carbon and (ii) the increased solubility of tungsten in Co, which is a result 
of the decreasing carbon content [60]. That auxiliary dissolution of the WC grains in proximity, 
aims to re-establish balance at the constant C concentration gradient between the particle boundary 
and the WC via supplying additional C [1]. 
 
The cycle of C removal by O and supply via dissolution of WC occurs in a zone close to the exposed 
binder interface and the depth of this zone depends on oxygen, carbon and tungsten diffusion and 
reaction kinetics. As expected, within this zone of enhanced thermal dissolution, WC grains appear 
to shrink in size and develop W2C rims more notably than WC grains that lie outside of this zone. 
With the same rationale, the oxidation interface of the binder acts like a W accumulation point, due 
to the high rate of local C removal [1,50,54]. Considering that the solubility of W in the binder is 
sensitive to temperature changes [27,60], any local and brief volatility in the Co-rich binder my 
yield the nucleation of metallic W. Thus, it is anticipated that W would be formed very close to the 
binder-HVOF gas oxidation interface. 
 
It is established that the oxidation of thermally dissolved WC into Co is necessary for the formation 
of metallic W [69]. Yet, the exact occurrence of the conditions for W crystallization is not 
established yet. Some authors working on HVOF and atmospheric plasma sprayed WC-Co suggest 
that nucleation of W initiates during the solidification of impacted particles ([50,54] respectively), 
while others [1] working on HVOF, support that it occurs during the flight of particles, based on 
the volatility of peripheral temperature of the particle in flight which enables such crystallization 
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to occur. The increased temperature volatility on the surface of particles in-flight has been 
demonstrated in [71]. 
  
The final stage of the journey of the particle is the splat formation and rapid solidification on the 
substrate where the liquid Co-rich binder is quenched into a nano-crystalized/amorphous phase of 
W-C-Co. That amorphous binder phase is brittle and poses an easy pathway for crack propagation 
in the microstructure [49]. In the same work [49], it is proposed that precipitates of W or W2C are 
also formed in the splat formation stage, owing to the lower amount of carbon available in the 
binder. 
 
The WC grains that have sustained significant decarburization commonly appear to have a more 
rounded appearance, partially or fully enclosed by W2C crystals that have nucleated and grew on 
the WC grain boundary [49]. The W2C growth is epitaxial and has been reported to be either 
columnar [2,50,54] or uniform [1,54]. The choice between uniform or columnar morphology of the 
semicarbide seems to be dependent on the size of the parent WC grain. Smaller WC grains appear 
to be surrounded by a uniform W2C layer while larger ones present multiple W2C crystallites. Such 
W2C phases are harder than WC but brittle and are regarded as preferential pathways for crack 
propagation [49].   
 
Considering a decarburized WC-Co microstructure, any further heat treatment (a condition that 
could be experienced by the already deposited material during spraying or during the slow cooling 
after deposition), promotes the formation of η-phases M6C (e.g. Co3W3C) or M12C (Co6W6C). The 
carbon deficiency in WC-Co with amorphous, W2C and metallic W phases enables the nucleation 
of η-phases M6C and M12C, which are more thermodynamically stable. These solid solution phases 
are important factors in terms of the properties of the coating [3], being harder and more brittle 
than metallic Co [2]. It has been shown that the presence of η-phases versus amorphous binder was 
a function of the thermal history and cooling rate of the coating [72-74].  
 
All the WC dissolution and decarburization mechanisms described above are notably more 
aggressive with smaller WC grains [38]. Kear et al. [55] reported that nano-WC powder is much 
more sensitive to decarburization than micron-sized WC, both sprayed by HVOF. The reasons for 
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this are the porous structure of the nano-powder allowing for more efficient heating in the jet and 
the high specific surface area of the nano-WC. The same is reported in [75]. 
 
Finally, it is important to consider the dissolution-oxidation mechanisms of WC-Co powders which 
are discussed above, as necessary parts of a pathway that can be active only when thermal 
dissolution of WC, diffusion of C and oxidation of C at the particle surface occur and interplay 
with each other [1,75]. This is further exemplified by [76], where WC grains and WC-Co powders 
are sprayed via APS and it is reported that the pure carbides experience significantly lower carbon 
loss than the WC-Co powder. Moreover, in the study of Li et al. [69], it is experimentally 
demonstrated that thermal dissolution is mainly responsible for the occurrence of W2C (not 
oxidation) and that oxidation (subsequent to WC thermal dissolution in Co) is necessary to yield 
metallic W. This observation was achieved by controlling the atmosphere of the plasma jet. 
 
The formation of W2C, metallic W or η-phases can be also assessed with X-ray diffraction method, 
since the crystal structure of these phases is different to WC and Co [1,49].Furthermore, the 
amounts of the nanostructured/amorphous binder phase can also be estimated by a characteristic 
broad diffraction halo between 2θ values of 370 to 470, at the XRD pattern of the respective coating 
[1,2,44,46,49,54,57,69,75]. 
 
2.3.5.6 Low Temperature Oxidation of WC-Co  
 
The low temperature oxidation of WC-Co and similar compositions is relevant to this work because 
it occurs on the as-sprayed coating surface (during the spraying process), and by the heat that is 
generated by friction with other bodies. WC-Co and WC-CoCr present low oxidation resistance 
and rapid oxide scale growth of WO3 and CoWO4 at temperatures of 700 to 1270 K, well below 
the melting temperature of Cobalt (1770 K) [3,59,77-80]. However the low temperature (below 
1000 K) oxidation of WC-Co is totally different from the oxidation that occurs during spraying due 
to the different favorability of the reactions seen in Ellingham’s diagram (Fig.2.10). For 
temperatures above 1000 K, oxidation of carbon is promoted, resulting in gaseous oxidation 
products of CO and CO2 and removal of carbon. Conversely for temperatures below 1000 K, the 
oxidation of W and Co is energetically favorable yielding oxide scales of WO3 and CoWO4. 
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Starting from the lower threshold of temperatures that enable oxidation of WC-Co, Gulbransen et 
al. [81] report that Co will start oxidize from temperatures above 570 K, producing a CoO scale. 
In cemented WC carbides in cobalt, the binder oxidized selectively until temperatures of 820 K, 
whilst WC appear to undergo insignificant oxidation [82,83]. At this temperature range the oxide 
scale is composed predominantly of CoWO4 and traces of WO3. The traces of tungsten needed for 
these oxides are provided by diffused elements in the binder, supplied by the WC grains [82]. For 
temperatures above 820 K, WC and the Co-rich binder oxidizes concurrently yielding WO3 and 
CoWO4 respectively. The production WO3 is faster than CoWO4 owing to the porous structure of 
WO3 which enables better supply of oxygen to the oxidation front. Thus, at temperatures above 
820 K, WO3 is dominating the oxide scale [82,83]. Lastly, when the temperatures rise above 900 
K, Co is able to diffuse at long distances and consumes all available WO3 into CoWO4. As a result 
of this kinetic inversion, which is demonstrated experimentally by Del Campo et al. [84], the 
overall rate of oxidation of WC-Co above 900 K is reduced, since CoWO4 is much less porous than 
WO3 and therefore compromises the oxygen supply at the oxidation front. 
It should be noted here that if there is some CoWO4 the identification of pure WO3 by means of 
XPS analysis is impossible since both WO3 and CoWO4 yield the same characteristic peaks of 
tungsten (+6) [85]. 
 
2.3.5.7 Tribological Behaviour of WC-based Coatings 
 
The tribology of WC-Co coatings is the most crucial aspect of their performance since their 
durability to wear is the prime reason for the development of hardmetal coatings in the first place. 
A variety of test methods have been developed and standardized in order to rank the coatings in 
respect of their wear resistance, these include dry sliding (ASTM G 99 and G 133), abrasive wear 
(ASTM G 65, G195 and f 1978) as well as other configurations such as friction tests with self-
mating rotating rings [86]. The value of those tests lies in predicting the coatings’ performance 
relative to other coatings/materials and not in duplicating the exact conditions of wear that they 
will see in-service. In this work, focus is given in the low-load dry sliding testing of the coatings 
since the scope does not include a specific real world application, rather the relative effect of the 
spray kinematic parameters to the wear performance is evaluated.  
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The mechanisms of dry sliding wear of carbide based coatings is established in the relevant 
literature and includes binder extrusion [4,87-92], WC grain pull-outs [4,37,87-90,92-96], 
subsurface and surface cracking [24,35,37,43-45,51,90-93,95,97,98], adhesion wear [37,44,87,90], 
3-body abrasion caused by the produced wear debris [51,87,90] and whole splat spallation and 
removal [43]. The build-up of a tribofilm or transfer film is often observed in dry sliding of WC-
Co but its role is not established and depends highly on the sliding conditions. The character of 
tribofilm in the dry sliding of WC-Co is explored in detail in section 2.3.5.7.1. The mechanism of 
binder extrusion is being detailed in [89] where its critical role in relaxing the compressive residual 
stresses in the near-surface layers and facilitating WC pull-out is described. Subsurface cracks 
initiate a few μm bellow the sliding surface where the maximum shear stresses are developed 
[37,98], and propagate via the splat boundaries, porosity, brittle/saturated Co-rich binder or W2C 
,which would be the preferential paths for crack propagation [39,51,99]. 
Generally, the wear performance of the WC-Co hardmetals depends on a number of factors such 
as WC size and distribution, microstructural homogeneity [90], porosity, residual stresses [35] and 
critically, the degree of WC decomposition and brittle phases in the microstructure [94]. That is 
the reason why, even though smaller WC grains are considered better for wear resistance [95,96], 
nano-WC-Co typically shows inferior wear resistance to conventional micron-sized WC-Co [45]. 
The WC distribution and homogeneity in the nano powders is significantly superior to the micron 
sized ones. However, the sensitivity of nano WC thermal decomposition, owing to the larger 
specific surface area, is detrimental for the toughness of the final coating and shows intense 
cracking under wear conditions [4,37,42,45-47,51,93,97,98,100]. Recent work [37] has addressed 
this issue by nickel coating the nano powder, pre-deposition, and achieving correspondingly high 
wear resistance.   
In the work of Usmani et al. [38], where WC-Co coatings of varying carbide size are deposited via 
HVOF and tested in regards to their dry sliding and abrasive resistance, it is reported that the 
carbide size has an insignificant effect in the friction coefficient (COF) of the coatings, under low 
loads (also in agreement with [96]). Specifically, only in extreme cases of very coarse carbides, 
deposited in an inhomogeneous distribution in the microstructure, the respective larger protrusions 
in the sliding interface result in a higher COF which does not seem to stabilize as easily as in 
coatings with smaller and better distributed WC grains. In terms of the wear resistance, the results 
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seemed to follow closely the values of fracture toughness but were in direct contradiction with the 
hardness results. That is because of the “deceptive hardening” effect of the decarburization 
products in the binder, which significantly compromise the wear resistance of the coating due to 
their brittle nature. As expected the coatings with the smallest carbides experiences more 
aggressive decarburization due to the higher specific surface of the WC. Correspondingly, the 
cracks that were seen in the coatings with the smaller carbides were propagated through the brittle 
binder phase with minimum tortuosity, while the respective cracks in coatings with larger initial 
WC tend to follow the carbide/matrix interface, suggesting a tougher matrix overall. Yang et al. 
[92], in a very similar study find that the wear rate increases with increasing WC grain size. The 
wear resistance improvement that is associated with smaller WC sizes is further exemplified by 
Yuan at.al [43] who obtained more wear resistant WC-Co coatings by adding sub-micron WC to 
the conventional powder. Thus, there seems to be a an optimum WC size, with respect to the spray 
process, that can achieve the optimum microstructure with the smallest WC grain size, yet not small 
enough to be extremely sensitive to thermal dissolution. A significant dependence of wear 
resistance to fracture toughness is also reported by Wang et al. [101]. 
Lekatou et al. [88] studying the dry sliding of HVOF sprayed conventional and nano WC-Co 
coatings found a significant improvement in the wear resistance of the nanostructured coatings, 
which is attributed to the better WC distribution. In the same work a reduction of the friction 
coefficient is observed after an initial spike in the beginning of the test. The initial high friction is 
associated with the running-in phase where initial asperities in the coating surfaces are intensely 
deformed and /or fractured until the enlargement of the real contact surface area bring an 
equilibrium to the system, as discussed also in [93]. The subsequent reduction of the friction 
coefficient is attributed to the generation of the lubricating triboxides (WO3 and CoWO4) [88]. 
In the study of Ma et al. [46], where the dry sliding of HVOF sprayed WC-Co of different WC 
grain size is evaluated under variable loads, it is reported that the friction coefficient is reduced 
with increased loading. This is attributed to the faster and more abundant tribofilm formation and 
oxidation, owing to the higher friction temperatures of the higher loads. The tribofilm provides and 
intermediate smooth layer between the coating and the counter body that facilitates sliding by its 
easy plastic deformation. However, Wang et al. [93] have observed a contradictory trend, the 
increase of friction coefficient and of the initial running-in period when higher loads are applied 
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on the HVOF sprayed WC-CoCr coatings. This behaviour is justified by the more aggressive wear 
damage induced by the higher loads and the respective longer time needed until a sliding 
equilibrium is achieved [93]. 
Geng et al. [51] evaluated the dry sliding wear resistance of plasma based and HVAF spray 
processes, depositing WC-Co coatings at different temperatures. A significant enhancement in the 
performance of HVAF versus the plasma sprayed coatings is reported owing to the lower 
deposition temperatures and denser microstructure. The brittle nature of the highly saturated binder, 
combined with significant porosity and micro cracks, proves detrimental for the tribological 
response of the plasma sprayed coatings. These results were consistent over a range ambient wear 
temperatures up to 650 0C. Similar remarks have been made by Hulka et al. [102] comparing the 
dry sliding performance of HVOF and HVAF sprayed CrC-37WC-18M coatings. 
 
2.3.5.7.1 The Character of Tribofilm in Dry Sliding Applications 
 
Prolonged dry sliding of WC-Co coatings eventually produces a tribofilm layer that covers the 
wear track and forms an intermediate layer between the coatings and the sliding counter body. The 
origin of the tribofilm is wear debris that are continuously captured and smeared over the wear 
track with the successive passes of the counter body [87,95]. Due to the progressive deformation 
and mixing of the wear debris which are captured in the sliding motion, the loose WC grains are 
milled down to nanometer scale and the different phases of the extruded binder are homogenized 
into a nano-discrete structure [86]. In addition, the heat of friction that is generated in the real 
contact area between the sliding interfaces is adequate to lead to localized flash temperatures over 
730 K (1000 0C) [103]. Considering atmospheric conditions of friction, such temperatures are more 
than adequate (as discussed in section 2.3.5.6) to cause oxidation of the relevant present elements 
(Co and W) [104]. The role of the tribofilm in the progression of wear is a disputed issue in the 
literature with the overwhelming number of authors [44,51,87,88,92,94,96] supporting that it acts 
as a lubricant and has a protective quality to the underlying coating. The lubricity of the tribofilm 
is attributed to its constitutive triboxides, WO3 and CoWO4 [51] from which CoWO4 is considered 
by many [37,51,94,96,104] superior in terms of lubricant function due to its denser structure, 
compared to WO3.  
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In the work of Rajinikanth et al.[87], where the dry sliding of HVOF sprayed WC-Co coatings is 
studied, the durability of the tribofilm is found to be directly related with the ductility of the binder 
phase, and the thickness of tribofilm is positively correlated with the load of the counter body. 
Geng et al. [104], studying the dry sliding HVOF sprayed WC-Co coatings in various temperatures 
and atmospheres, reports that until 650 0C the generated tribofilm is composed mainly from 
CoWO4 which has an antifriction property and acts as a protective layer between the sliding 
interfaces. However, for temperatures over 650 0C, the WO3 oxide scales in the tribofilm grow 
uncontrollably, resulting in a thick and porous tribofilm that fails in a brittle manner under the load 
of the counter body. In argon atmosphere, where oxidation is impeded, coatings showed higher 
wear rates, attributed to the lack of the protective oxide-rich tribofilm. Additionally, Yang et al. 
[96] report that the tribofilm that is formed at 400 0C is denser and more adhesive to the underlying 
coating versus the tribofilm produced at room temperature, which yields a more effective 
lubricating response to sliding wear. These findings indicate that there might be a temperature 
range within which the tribofilm acts optimally as a lubricant.  
In the work of Engqvist et al. [86], where cemented carbides of variable fractional Co composition 
are friction tested under different loads, speeds and atmospheric conditions, it is reported that (i) 
lower loads yielded thicker tribofilms (in contrast with the findings of [87]), (ii) the presence of 
oxygen was necessary for the production of WO3 and CoWO4 in the tribofilm, (iii) the tribofilms 
consisted of nano-crystallites and (iv) the friction force seemed to be maintained at the same levels 
throughout the test in mild loads, in contrast with the higher loads, where it was substantially 
reduced after an initial spike. Lastly, the presence or not of oxygen during the test did not affect 
the recorded friction force indicating that the temperatures that were generated were more 
important in dictating the friction force than any chemical reactions. However this is in direct 
disagreement with [105] where warm sprayed WC-CoCr coatings are subjected to a friction test 
with controlled oxygen supply and moisture. Wesman et al. [105] Found that the oxidizing 
atmosphere (hence the presence of triboxides) played a critical role in determining the recorded 
friction force. Specifically, it is reported that the greatest friction force was recorded in the samples 
that presented the largest amounts of triboxides indicating that the presence of a tribofilm in 
atmospheric conditions in-fact compromised the coating’s wear performance. A similar remark is 
made by Jafari et.al [37] who evaluated the dry sliding of conventional HVOF sprayed WC-Co, 
nano-WC-Co and nickel coated nano-WC-Co. Specifically, the produced tribofilm is reported to 
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be in a continuous regime of brittle cracking-delamination and regeneration during dry sliding, 
reflected to large oscillations in the coefficient of friction recordings.  
The widely accepted notion concerning the lubricating role of the tribofilm in the dry sliding of 
WC-based coatings stems from: (i) the crystal lattice properties of the Magnéli phase of WO3 and 
(ii) to the large differences in ionic potential of the sliding oxides in contact. Reeswinkel et al. [106] 
report that the decohesion energy between the crystal layers decreases rapidly as the interlayer 
distance is increased. In the case of WO3, the crystal structure is distorted and the W cation is 
positioned slightly out of the crystal plane (Magnéli phase). This leads to greater interplanar 
distances in certain plains which results in easier shearing between them. The other reason why 
triboxides might show lubricant qualities is the high ionic potential difference between the sliding 
oxide pairs [107], which is relevant to CoWO4 [104]. The ionic potential () is defined as: 
 
 = /  (2.2) 
 
where Z is cationic charge and r the cation radius [107]. The high ionic potential difference between 
the sliding oxides yields (i) low melting point of the compounds in the sliding interface that leads 
to easy shearing in elevated temperatures and (ii) lower adhesive forces between the sliding oxide 
pair [107,108].  
Even though significant number of authors have adopted the view that the tribofilm containing 
WO3 and CoWO4 has lubricating properties, certain aspects of the proposed lubricating 
mechanisms that are described above should be reconsidered. In regards to the lubricant property 
of the Magnéli phase, found in WO3, it is evident only in epitaxially grown WO3 films because 
there are only specific easy-shearing planes in the Magnéli phase, rendering the emergent lubricity 
sensitive to crystal orientation and purity of the phase [105,108]. This was experimentally 
confirmed by Greenwood et al. [109] who subjected amorphous, polycrystalline and epitaxially 
grown WO3 films to dry sliding and found low friction only in the latter case. Considering the 
circumstances under which the tribofilm is formed, it is clear that epitaxial growth of pure WO3 is 
impossible. On these grounds, any antifriction property stemming from WO3 in the tribofilm is 
inconceivable.  
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Concerning the second mechanism of proposed lubricity of the oxide-rich tribofilm (i.e. the large 
difference in ionic potential between the sliding oxides), the views in literature are again, 
conflicting. Erdemir et al. [108] showed that the ionic potential difference between CoO and WO3 
(constituting the CoWO4) is 6.9 (Z/r), yielding a friction coefficient in the range of 0.2 to 0.45. 
That range of friction coefficient is seen by some authors [105] as not lubricous while others [104] 
report it as an example of the lubricity of CoWO4. This analysis reveals that there is not a strong 
theoretical foundation under the assumed lubricating character of the oxide-rich tribofilm by so 
many authors and that further research is needed in this specific area. 
 
2.4 Wear and Corrosion Resistance Coatings Applications 
 
The protective coatings global market is set to exceed 60 billion dollars by 2020 [110]. Established 
wear and corrosion resistant coatings applications across the industries is summarized below 
[19,111]: 
• Aerospace, including turbine components (Fig.2.11), landing gear components, rocket 
thrust-chamber liners. 
 
 
Figure 2.11 coated gas turbine and combustion chamber [111]. 
 
 
• Agricultural industry. 
• Automobile industry, including motor, powertrain and various components cylinder bores 
(Fig.2.12). 
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Figure 2.12 selected components that are surface treated [111]. 
 
 
• Ceramic industry, including brick-clay extruders, cubicles for melting and ceramic 
membranes. 
• Chemical industry, including chemical processing components (Fig.2.13) and off-shore 
exploration components such as drills, cutters and rotors. 
 
 
Figure 2.13 spraying of a ball valve [111]. 
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• Civil and structural Engineering. 
• Energy production, including Boilers, stationary gas turbines (Fig.2.14), hydropower 
stations. 
 
 
Figure 2.14 coated compressor blades of an industrial gas turbine [111]. 
 
• Iron and steel industries, including continuous annealing, galvanizing and casting lines. 
• Machine building industries, including textile machines and pump construction. 
• Medical industry, including bio-inert or bio-active coatings on prosthetic implants 
(Fig.2.15). 
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Figure 2.15 Femoral stem Walter, coated with titanium alloy/hydroxyapatite coating [111]. 
 
• Mining industry. 
• Nuclear industry. 
• Paper industry, including various types of rolls. 
• Printing and packaging industry, including various types of rolls. 
• Ship building industry, including marine gas turbines, steam valve stems and non-skid 
decks. 
As presented above, the continuously expanding scope of applicable protective coatings 
applications entails the demand to coat increasingly complex geometries. At the moment it is 
widely accepted that variations of spray angle and spray distance should be kept to a minimum 
[19]. This has led to coating complex geometries with dangerous and inferior (considering the 
coating performance) methods such as hard chrome plating. 
 
2.4.1 Hard Chrome Plating (HCP) 
 
Chromium coatings are widely applied not only in applications where high hardness and corrosion 
resistance are vital but also as decorative coatings. The process consist of electrolytes based on 
chromic acid (CrO3) which are highly toxic and environmentally unsafe [112]. For that reason, 
there has been an unanimous effort to replace and ban hard chromium placement from governing 
bodies all over the world (OSHA, Netherlands and UK government, European Parliament) [4]. 
Alternative coating processes include chemical vapor deposition, vacuum based sputtering and 
plating methods and thermal spray [33]. However, owing to the low cost and easy scaling, the 
thermal spray methods are uniquely positioned to replace the HCP. HVOF sprayed WC-CoCr has 
demonstrated substantially better wear resistance under dry sliding conditions to HCP. The wear 
mechanism of HCP is dominated by intense plastic deformation and grooving in the sliding 
direction whereas hardmetal coatings resist such easy material loss [4]. In addition WC-Co coatings 
have been proved to demonstrate many times better abrasive resistance and corrosion resistance, 
in comparison to hard chrome plating coatings [5,16]. 
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Nevertheless, due to the isometric nature of the hard chromium plating, it is still the preferred 
method when complex geometries need to be coated. The thermal spray methods, being line-of-
sight processes entail variations in the spray kinematic parameters (spray angle, spray distance, gun 
traverse speed) [6] when spraying a complex geometry. Such variations can affect the coating 
characteristics and compromise its performance to an important extent. 
 
2.4.2 The Need to Spray Complex Geometries 
 
The need to maintain reliably net coating properties when spraying complex geometries is of prime 
importance and most often is the governing factor in defining viable applications for the thermal 
spray industry. As presented in section 2.4 there are numerous applications where a complex 
geometry needs to be thermally sprayed. Furthermore, in recent years the geometrical complexity 
of deep drawing tools has increase resulting in unavoidable off-angle spray in certain regions 
(Fig.2.16) [8]. 
 
 
Figure 2.16 Illustration of a thermal spray process of a deep drawing tool showing how some regions with geometric 
complexity need to be sprayed at an oblique angle [8]. 
 
Another source of challenging geometries that need to be coated stems from the need to reduce the 
weight of vehicles for the sake of efficiency. Various components of light-weight material would 
require hardmetal coatings to operate in the environment of the engine. One such example is the 
internal surfaces of cylinder liners in aluminum crankcases or cylinder bores [113]. Furthermore, 
the thermal spraying of ceramics on flexible fabrics is another promising application field, 
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combining the advantages of technical textiles and functional coatings [113]. Other examples of 
complex geometries that could benefit from thermal spraying are, extrusion screws (Fig.2.17), 
injection molding parts, mixing blades [113], turbine blades, or even metalized polymeric 
substrates of arbitrary shape [114]. Lastly, and in more relevance with this thesis, the applicability 
of thermal spray coatings in small, non-circular, internal diameter applications for corrosion and/or 
wear protection has been demonstrated by [115]. The scope of such internal diameter applications 
would be greatly expanded by spraying viably complex shapes. 
 
 
Figure 2.17 Illustration and actual part of an extrusion screw [113]. 
 
In order to cope with these demands from industry, some authors [113,116] have explored the 
viability of programming off-line the multi-axis spray handling robot to follow a complex path, 
tailored to the specific geometry being sprayed. This aims to maintain the spray distance, angle and 
traverse speed constant throughout the coating deposition process. This approach entails a 
preliminary stage were the free-form sprayed surface is mapped with detail and the resulting data 
is used for the calculation of the optimum robot path [113]. Even though the results of this approach 
are promising, it is time and cost intensive and sensitive to marginal errors in the calculations, 
which render it not easily scalable for coating large batches. Therefore a deeper understanding in 
the systemic effects of the spray kinematic parameters to the coating qualities is needed, in order 
to equip the decision makers in the industry with more insights in the viability thermally spraying 
complex geometries. 
 
2.5 Current Understanding of the Effects of Spray Kinematic Parameters 
 
2.5.1 Effects of Spray Angle 
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Strock et al. [11] examined the effects of oblique spray angles to mechanical and tribological 
behaviour of HVOF sprayed WC-CoCr coatings and found that oblique spray angles affect 
negatively the microhardness (Fig.2.18) and compressive residual stresses (measured by the 
respective Almen strip deflection) (Fig.2.19) in the coatings. These results are attributed to the 
reduction of the normal component of velocity of the impinging particles under oblique angles. 
 
 
Figure 2.18 Microhardness vs spray angle [11]. 
 
 
Figure 2.19 Almen strip deflection vs spray angle [11]. 
 
Additionally, coatings sprayed at oblique spray angles were found to have a smoother surface 
finish, measured by surface roughness and, unexpectedly, superior fretting wear resistance 
(measured by the change in thickness), compared with coatings sprayed at normal angles 
(Fig.2.20). The beneficial role of oblique spray angles to wear resistance and surface roughness is 
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attributed to the better distribution of the coating phase in the coating, caused by oblique deposition. 
The particles arriving at very oblique incidence angles form more elongated and flatter splats which 
ultimately, yield a more uniform coating microstructure. The wear results (Fig.2.20) suggest that 
this microstructural improvement is more important than microhardness in predicting the wear 
response of the coatings [11]. 
 
Figure 2.20 Fretting wear (change in thickness) vs spray angle [11]. 
 
Houdková et al. [10], evaluated the effect of oblique deposition angles in WC-Co and Cr3C2-NiCr, 
HVOF sprayed coatings. It was observed that the spray angle correlated strongly with 
microstructure, microhardness, residual stress, abrasive wear resistance (ASTM G-66) and 
deposition efficiency but had a weak correlation with hardness, indentation fracture toughness, 
density and surface roughness. In terms of the microstructure, it is demonstrated in [10] that oblique 
spray angles affected the shape of the splats and their orientation, but not the amount of porosity, 
despite the expected effect of shadowing observed in plasma, off-angle, sprayed coatings [6]. 
Considering the measurement scatter, spray angle did not appear to affect meaningfully the surface 
hardness of the coatings (Fig.2.21). This was attributed to the large scale of the hardness test, 
involving information from a large volume of the coatings that potentially obscures the effect of 
changes in the microstructure, associated with spray angle. 
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Figure 2.21 Hardness vs spray angle [10]. 
 
On the other hand, microhardness values presented a continuous decrease with decreasing spray 
angles (Fig.2.22). 
 
 
Figure 2.22 Microhardness vs spray angle [10]. 
 
The tensile stress component was found to increase with oblique spray angles in both coatings 
(Fig.2.23). This trend is associated with the decrease of the peening effect, owing to the respective 
reduction in the normal component of particle velocity at impact. Unexpectedly, at 300 the tensile 
stress component appears to be reduced in both coatings [10]. 
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Figure 2.23 Residual stress vs spray angle [10]. 
 
Expectedly, the indentation fracture toughness (KIc value) was found to decrease with the oblique 
spray angles (Fig.2.24).  
 
 
Figure 2.24 Kic vs spray angle [10]. 
 
Surface roughness, expressed as Ra, appeared to decline with oblique spray angles in both coatings 
with an exception at 300, in the case of WC-Co (Fig.2.25). 
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Figure 2.25 Surface roughness vs spray angle [10]. 
 
The measured specific density of the two coatings did not appear to be meaningfully affected by 
spray angle (Fig.2.26). A sudden increase at 300 was correlated with the respective improvement 
in the microstructure seen at spray angle of 300. 
 
 
Figure 2.26 Specific density vs spray angle [10]. 
 
Conversely, the deposition efficiency was found to be strongly related to spray angle, presenting a 
continuous decline (Fig.2.27) which was attributed to rebounding particles under oblique 
impingements. 
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Figure 2.27 Deposition efficiency vs spray angle [10]. 
 
Finally, both coatings were reported to perform worse in terms of abrasive wear resistance, as the 
spray angle was reduced (Fig.2.28). The effect of spray angle until 600 was insignificant and from 
then on, coatings became weaker notably. The extreme spray angle of 300 proved to produce the 
poorest coatings, in terms of tribological behaviour. 
 
 
Figure 2.28 Abrasive wear rate vs spray angle [10]. 
 
The unexpected behaviour of coatings sprayed at 300 (density, microhardness, residual stresses, 
roughness) was attributed to the more relative motion of the gun and the substrate when spraying 
at 300. It is proposed that when the surface moves towards the gun, the deposited coating layer is 
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characterized by low number of pores, high peening stresses and uniformly distributed carbides. 
These remarks resemble the observations about extreme oblique spray angles made in [11]. 
Nonetheless, the effect of spray angle to the wear performance of coatings in [10] is in direct 
contradiction with [11]. 
Tillmann et al. [7] evaluated the effects of various spray parameters on coatings (WC-Co and WSC-
Fe), sprayed via atmospheric plasma spray (APS). Deposition efficiency was negatively correlated 
with decreasing spray angles for both coatings (Fig.2.29). The decline is attributed to velocity 
component losses, associated to the oblique deposition. An interesting feature in Fig.2.29 is that 
the deposition efficiency in the WC-Co coating (square data points in Fig.2.29), is found to clearly 
increase at 800, compared to the expected optimum case of 900. This unexpected behaviour is 
ascribed to the natural skewness of the spray jet when the APS gun is operated at optimum process 
conditions. Essentially, it is argued that the true 900 spray angle occurs when the gun is tilted 100, 
compensating for the skewness of the jet. 
 
Figure 2.29 Deposition efficiency vs spray angle [7]. 
 
In the same work, the decrease of spray angle is associated with a notable decrease in the 
microstructural quality of both coatings, especially for angles smaller than 600. Specifically, 
porosity is greatly increased via the shadowing mechanism, described in section 2.3.5.4, which 
results from the individual splats, obstructing the line of sight of the spray plume, yielding large 
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pores in the microstructure. In addition, the surface roughness of the coatings is increased with 
oblique spray angles. 
In [8], WC-Co (square data points) and Cr3C2-10(Ni20Cr) (circle data points in Fig.2.30) segments 
are sprayed via APS and the effect of spray angle is extensively examined. In that work, there is 
no coating deposition, rather a single bead of coating is deposited and analyzed (single pass). The 
maximum thickness of the sprayed profile is seen at 800 of spray angle, and it decreases for more 
oblique spray angles (Fig.2.30). Again, the increase from 900 is attributed to a skewed plasma jet, 
owing to the perpendicular powder injection. The naturally skewed spray jet results in a real normal 
spray angle occurring at 800 of spray inclination. The effect of spray angle to the profile thickness 
is associated to the respective velocity components at oblique deposition angles and how they 
promote particle rebounding. 
 
 
Figure 2.30 Maximum thickness of the coated profile vs spray angle [8]. 
 
With respect to the measurement scatter, spray angle did not affect the porosity in either of the 
coating profiles until 500, beyond that angle, a notable increase in porosity is reported in both 
materials (Fig.2.31). The aggressive increase in porosity in small angles is attributed to shadowing 
during deposition [8]. 
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Figure 2.31 Porosity vs spray angle [8]. 
 
Similarly, both spray beads show increase in surface roughness only after 500 of spray angle 
(Fig.2.32). 
 
 
Figure 2.32 Surface roughness vs spray angle [8]. 
 
Following the results in Fig.2.30, the relative deposition efficiency spikes at 800 and shows a steady 
decline for more oblique spray angles (Fig.2.33). 
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Figure 2.33 Relative deposition efficiency vs spray angle [8]. 
 
Both coating profiles presented a negative correlation between tensile strength and spray distance, 
thought Cr3C2-10(Ni20Cr) seems to be affected more notably (Fig.2.34) [8]. 
 
 
Figure 2.34 tensile strength vs spray angle [8]. 
 
Finally, in contradiction to [10], the microhardness in [8] does not appear to be meaningfully 
influenced by the changing spray angle (Fig.2.35). The justification that is provided in [8] for the 
lack of correlation between microhardness and spray angle is that it only affect a small volume of 
the coating, therefore the influence of porosity and changes in the microstructure are not captured 
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effectively. Furthermore, it is suggested that a macroscopic hardness test would be better suited to 
capture these feature. This is interesting because the opposite argument (that microhardness and 
not macroscopic hardness should be able to captured changes in microstructure induced by oblique 
spray angles) is used in [10].  
 
 
Figure 2.35 Hardness vs spray angle [8]. 
 
In [15], oblique spray angles are reported to yield more elongated splats with a higher degree of 
splashing in vacuum plasma sprayed (VPS) Astroloy particles on smooth copper substrates. 
However, these findings are not directly related with the scope of this work since (i) plasma spray 
methods result in completely molten particles at impact which is not the case of HVOF and (ii) the 
Astroloy is not a composite material, unlike WC-Co, and thus entails different splat formation 
dynamics. In addition, the authors in [12] report a drastic reduction in deposition efficiency of APS 
sprayed Al2O3-TiO2 beads with oblique spray angles. 
Tilmann et al. [9] evaluated the effect of spray angle in HVOF sprayed WC-Co coatings using fine 
powders (-10+2 μm). Figure 2.36 shows the trends of deposition rate, porosity, microhardness and 
surface roughness with oblique spray angles. The deposition rate decreases proportionally with 
oblique spray angles, though a slight increase is seen at 800, in accordance to [8] and [7] that focus 
on plasma sprayed coatings. Tillmann et al. [9] attributes this increase to the long body and large 
weight of the HVOF equipment that causes a slight tilting of the whole system, resulting in a true 
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900 impact angle at 800. However this justification is not convincing since, if that was the case, the 
true 900 displacement would also be reflected in the microhardness, porosity and roughness effects. 
 
 
Figure 2.36 Deposition rate, porosity, microhardness and surface roughness vs spray angle [9]. 
 
The increase of deposition rate at 800 is much less evident than in the cases of plasma spray, yet, it 
is notable. The fact that very small powders are used in [9] (indicating increased sensitivity in the 
thermal processing of HVOF) and APS is used in [8] and [7], suggest that the increased deposition 
rate in small angular deviations from 900 is an artifact of the impinging particles’ temperature. 
Beyond the phenomenon that occurs at 800, the rest of the deposition rates results can be explained 
by the progressive development of the velocity components associated with the impact angle. The 
drastic reduction of the normal component of particle velocity with oblique angles is responsible 
of the rest of the observations as well. Following the decline in peening stress transfer and particle 
deformability upon impact, as the normal component of velocity is reduced, more porosity will be 
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able to be transferred in the microstructure and the bond strength will decline. Correspondingly, 
the microhardness measurements will be affected. These changes are most notable for impact angle 
smaller than 450, where the tangential component of impinging particle velocity becomes greater 
than the normal. Finally, the surface roughness is decreased with oblique spray angles, owing to 
the increased elongation of the resulting splats. 
In terms of the microstructural changes induced by oblique spray angles Tillmann [9] observed the 
preferential depletion of coarser carbides, which he attributed to the semi molten state of the 
impinging particles. Specifically, it is proposed that while the periphery of the particles would be 
able to melt, the core would be still solid at the moment of impact. The molten periphery is most 
likely to form a splat under the oblique angle deposition due to its easy deformability and low 
dependence on the normal component of velocity. Conversely the solid core is prone to rebounding 
(Fig.2.37). While the carbides in the melt periphery will have experienced some thermal 
dissolution, reducing their size, the ones in the solid core would not. As of that, coatings sprayed 
at oblique angles tend to be composed primarily of smaller, dissolved carbides, originating from 
the molten parts of the impinging particles. 
However, Stewart et al. [54] following an analytical-numerical approach, calculated the uniformity 
of the temperature field in spherical particles of variable sizes in the HVOF jet and found 
insignificant gradients (i.e. not sufficient to allow for a solid core and a liquid periphery of the 
particle at impingement, as proposed in Fig.2.37).  
 
Figure 2.37 Proposed model for the preferential depletion of coarser carbides at oblique particle impingement [9]. 
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Kang et.al [117] studied the effect of tilted spray angles in APS spraying of yttria-partially-
stabilized-zirconia (YSZ), using image diagnostics and in-situ particle measurements with Oseir 
Spray Watch system. It was established that oblique spray angles did not affect the trajectories of 
the particles, right before impingement, due to their substantial momentum. Thus, it can be said 
that the aerodynamic effect of a tilted substrate was not, dictate the coating build-up efficiency. 
Even though not explicitly discussed important. However, the particle impingement angle did have 
a governing effect in the velocity components, which resulted in a notable reduction of splashing 
during splat formation. This can be observed from 800 to 700 of impact angle (Fig.2.38), which 
could potentially explain the respective increase in the deposition rate of plasma sprayed [7,8]  and 
HVOF [9], indicating a respective increase of the deposition efficiency.   
 
 
Figure 2.38 splats of Yttria stabilized Zirconia via APS at a) 800, b) 700, c) 600, d) 500, e) 400 and f) 300 of spray 
angle [117]. 
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2.5.2 Effects of Spray Distance 
 
In [7], where APS sprayed WC-Co and wire arc sprayed WSC-Fe (folded cored wire with an iron 
based alloy and fused WC filler) coatings are deposited at different spray distances, a reduction in 
the deposition rate is observed for both coatings with increased spray distances (Fig.2.39). This is 
justified by the lower particle velocity and temperature (due to in-flight solidification) at 
exceedingly long spray distances (confirmed by in-flight particle diagnostics), which compromises 
the particles’ ability to deform and adhere to the target surface.  
 
Figure 2.39 Deposition rate vs spray distance [7], triangular data points indicate WSC-Fe, square data points 
indicate WC-Co. 
 
In addition, too short distances cause excessive heating of the substrate which is reflected to 
distinctly molten coatings and several heat cracks. On the other hand, too long spray distances yield 
extended reaction time in-flight which leads to highly decarburized coatings, with large proportions 
of oxides, horizontal cracks and low interlaminar adhesion [7]. Nonetheless, long spray distances 
are found to result in the lowest values of surface roughness. The reduced particle velocity at longer 
stand-off distances in HVOF is also reported in [118], where it is attributed to the lower drag force 
exerted to the particles at longer distances, owing to the expansion of the HVOF gas flow. 
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Gui et al. [14] evaluated the effect of several spray process parameters in HVOF (WC-Co-Cr) to 
the residual stresses in the coating, as measured by Almen strip deflection. Spray distance is 
reported to have the greatest effect on the residual stress in the coating among five process 
parameters (fuel/oxidizers flow rates, powder feed rate and gun traverse speed). The compressive 
residual stresses are significantly higher in short spray distances than longer ones due to the 
increased particle velocity (Fig.2.40a) and heat transfer from the HVOF jet to the pre-existing 
coating (Fig.2.40b), as well as substrate temperature with respect of changing stand-off distance 
(Fig.2.41). Considering the thermal expansion coefficient of the coating material and the Almen 
strip, the resulting stresses are of compressive nature, thus hotter substrate-coating systems yield 
additional compressive stresses. 
 
Figure 2.40 a) mean particle velocity and b) temperature vs spray distance as measured by Accuraspray G3 device 
in [14]. 
 
 
Figure 2.41 Substrate temperature vs spray distance [14]. 
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In the work of Trifa et al. [12], where the effect of different spray distances is examined in APS 
sprayed Al2O3-TiO2 beads, it is reported that the deposit height has a non-linear response to spray 
distance. Specifically, it reaches a maximum value at a certain spray distance and from then on, it 
starts to decline again. This behaviour is attributed to the respective thermal history of the in-flight 
particles and the relative fraction of them that arrive molten at the target substrate. 
Sucharski et.al [13] systemically evaluated the effects of spray distance, powder feed rate and 
carrier gas pressure, in the HVOF spraying of three FeMnCrSi+Ni+B alloys. The spray distances 
that are examined are longer than the optimum distance for the specific process and material. Spray 
distance, initially does not affect the porosity of the coatings, but when it reaches its maximum 
length, a notable rise in porosity is seen. The oxide levels in the coating were also significantly 
affected by increased stand-off distance owing to the extended reaction time in-flight that the 
particles endured. Finally the microhardness was negatively affected by longed spray distances due 
to the increase in porosity, while the tensile strength did not show a meaningful correlation. 
 
2.5.3 Effects of Gun Traverse Speed  
 
In [7], where APS WC-Co and WSC-Fe coatings are deposited at different spray scan speeds, the 
deposition efficiency appears to be negatively correlated with the traverse speed (Fig.2.42). As the 
gun traverse speed is increased, the deposition efficiency decays in a hyperbolic trend, since it 
directly dictates the number of particles impinging the coating per unit surface (i.e. halving the 
traverse speed yields a doubling of the residence time of the spray plume over a certain area and, 
in turn, twice as many particles will impinge the target surface overall [7]). Beyond that, gun 
traverse speed is not reported to affect significantly other coating properties. 
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Figure 2.42 Deposition rate vs gun traverse speed [7], triangular data points indicate WSC-Fe, square data points 
indicate WC-Co.. 
In [14] the influence of gun traverse speed to the residual stresses in the coating is evaluated and it 
is reported that, although the difference is not significant, coatings sprayed at lower traverse speeds 
tend to retain more compressive residual stresses than coatings sprayed at faster scans. This is 
attributed at the increased heat exchange per unit area that occurs at slower spray scans. In turn, 
the higher resulting temperature of the coating-substrate system (Fig.2.43) yields higher cooling 
stresses, which in the case of WC-Co-Cr and SAE 1070 (Almen strip), are of compressive nature. 
 
 
 
Figure 2.43 Substrate temperature vs gun traverse speed [14]. 
 
Tillmann et al. [7] found negligible effects of gun traverse speed to the microstructure, porosity 
and surface roughness, working with APS sprayed WC-Co coatings. Nevertheless, it is reported 
that below a lower threshold of gun traverse speed there is significant overheating of the coating 
due to the long dwell time of the plasma plume on it, resulting in high decarburization. 
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2.6 Summary  
An overview of the fundamental background on wear mechanisms and principles of thermal spray 
technology is given at the start of the chapter. The microstructural properties and phase 
composition of WC-based hardmetals is highly dependent on the deposition temperatures via 
associated dissolution and decarburization of WC, which occurs predominantly in-flight of the 
particles. Tribological studies on WC-based coatings often present conflicting results and the role 
of the tribofilm in the wear process remains unclear, highlighting the complicated nature of the 
wear. Yet, WC-based, wear resistant coatings applications span over most of the industrial sectors 
and the need to expand their scope even more is emphasized by the imposed limitations hard 
chrome plating due to its hazardous and polluting nature. A major obstacle in that expansion is the 
unreliability of thermal spray applications when coating complex geometries. Summarizing the 
current literature on the effects of spray angle, the established understanding suggests that the 
change in the velocity components which results from oblique spray angles is responsible for the 
effects on the various coating properties with oblique angles yielding sub-optimal results. Yet, there 
is significant disagreement in terms of the effects of spray angle on micro-hardness, wear resistance 
and mechanisms of particle rebounding. Moreover, there are phenomena that are not adequately 
explained, i.e. the improved deposition rate at slight spray angle inclinations and coarse carbide 
depletion at oblique angles. In regards to literature on spray distance, although its role in dictating 
important factors is well understood, there is very limited literature and this, usually focuses on an 
arbitrary range of standoff distance, for a certain spray process and material. The same is true for 
the literature on gun traverse speed. It is crucial that more generalized insights on the role of spray 
distance and gun traverse speed are drawn, in order to complete the understanding in these areas. 
Finally, the most important gap in the existing literature is perhaps that it only examines spray 
kinematic parameters in isolation from each other, disregarding any interplay that may occur when 
they change simultaneously. The coupled change of the spray kinematic parameters is inherent to 
the spraying of complex geometries. Thus, the interplay of the kinematic parameters has to be 
examined in order to approach the problem of spraying complex geometries. Specifically, spray 
distance and spray angle are expected to demonstrate strong interplay since they both govern the 
particle impact velocity component which is normal to the substrate. Moreover, the temperature of 
the impinging particles (also dictated by spray distance) is expected to yield different behaviours 
when the spray angle varies.  
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CHAPTER 3  Experimental Procedures 
 
 
 
3.1 Introduction 
 
This Chapter aims to introduce and provide details on the used materials, experimental procedures 
and the experiment that was executed for this work. Some background information on the physical 
principles upon which some characterization techniques are based is also provided. 
 
3.2 Materials and Spray Method 
 
3.2.1 Sprayed Powder 
 
A commercially available agglomerated and sintered powder of WC-17Co mass % (H.C. Starck, 
AMPERIT 526) [119] was used to deposit the coatings in this work. The chemical composition, 
size distribution markers and density of the powder is shown in table 3.1.  
 
Table 3.1 Powder properties. 
Powder Chemical composition  Size distribution 
Co C Fe W  D90% (µm) 
D10% 
(µm) 
Apparent 
density (g/cm3) 
15-18% 4.9-5.3% Max.0.2% balance  28.1 12.5 4.4-5.2 
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The powder particle size distribution can also be evaluated in Fig.3.1 where a general several 
particles are shown. The details of the morphology of the powder particles can be viewed in Fig.3.2 
where individual particles are seen. Specifically, in Fig.3.2, a significant degree of porosity is 
observed in the structure of the individual particles, moreover in many cases the particles are 
hollow spheres that have lost a part of their shell and have been exposed. Another feature worth 
noting is that there is significant distribution of the WC grain sizes present in the powder spanning 
from sub-micron grains to over 2 μm. The images in Fig.3.1 and Fig.3.2 were captured in-house 
and the morphological features presented above were not part of the manufacturer’s official 
description of the powder [119]. 
 
 
 Figure 3.1 SEM BSE Image of the starting powder morphology. 
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Figure 3.2 SEM a) BSE, b) BSE, c) SE, d) SE images of individual powder particles offering detailed evaluation of 
their morphology. 
 
3.2.2 Preparation of Substrates 
 
The coatings were deposited onto steel substrates of variable dimensions which will be discussed 
in section 3.7 where the design of the experiment is presented. Prior to the coating process the 
surface of the coatings was roughened via grit blasting with alumna particles of 46 µm at a distance 
of 100 mm. This surface activation method increases the effective area of the substrate and in turn, 
increases the area that is available for the mechanical interlocking with the incoming splats. As a 
result the bond strength of the coating-substrate system is enhanced [6]. After the grit-blasting, the 
activated substrates were blasted with high pressure air and mechanically cleaned with a brush to 
remove any remaining grit on their surface.  
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3.2.3 Spray Method 
 
The substrates were coated using Monitor Coatings (UK) HVOF torch which has been designed 
by Dr Spyros Kamnis and built in-house. The patented technology [120] comprises an isentropic 
conical plug nozzle to accelerate the exhaust gases to supersonic velocities reaching Mach 2.7. The 
torch uses a fuel-rich mixture of gas fuels and oxidizers and a 900 nozzle configurations. The 
equipment can be seen in Fig.3.3 
 
 
Figure 3.3 HVOF equipment designed by Spyros Kamnis [120]. 
 
The supersonic jet is a single circular annular exhaust extending around a centrally located 
aerospike. The process parameters for the gun were previously optimized in-house using Oseir 
Spray Watch system (introduced in section 3.6) for achieving the highest particle 
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velocity/temperature ratio at 120 mm stand-off distance from the nozzle. Selected measurements 
from the Spray Watch system are presented in section 4.2. 
 
3.3 Mechanical Characterization of the Coatings 
 
3.3.1 Almen Strip Residual Stress Measurement Method 
 
The residual stresses in the coatings were estimated with the Almen strip deflection method. This 
method has been a standard quality control test in the shot peening industry for years, being an 
efficient, simple and non-destructive way to estimate transfer of compressive residual stress 
induced by the shot peening. The low temperature ranges and high particle velocity yields of HVOF 
and HVAF processes has made the used of Almen strips a fitting way to perform quality control in 
the produced coatings.  As the name suggests, the Almen strips are thin strips of carbon steel (SAE 
1070) that are fixed in a holder and sprayed from one side. After the spraying, the strip will 
demonstrate a convex surface, on the as-coated side, due to uneven stress in the coating and the 
strip itself. The degree of curvature has been proven to be indicative of the level of residual stress 
[121]. A convex curvature on the side of the coating denotes compressive stresses in the coating 
and a respectively a concave coating surface indicates tensile residual stresses. Although the Almen 
strip deflection measurement is by no means an absolute measurement of the residual stresses, its 
qualitative interpretation is adequately reliable to compare among different coatings.  
 
The specific steps for procedure of the Almen measurement can be found in [121], and a summary 
of those is presented below: 
 
1. Check that the Almen strips used are flat within a specified tolerance (0.038 mm) 
2. Grit blast the Almen strips from both sides with alumina particles (45μm)  
3. Check that the Almen strip deflection is between 0.025 and 0.076 mm (after grit-blasting, 
before spraying). 
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4. Fix three Almen strips in the designated holder (Fig.3.4) with the convex side facing 
“outwards” (the convex side should be the one sprayed). 
5. Have the Almen strips undergo the same spray process as the coating that is evaluated. 
6. Measure again the Almen strip deflection (post-spray). The difference between the “after” 
and “before” measurements is indicative of the level of residual stress in the coating. 
7. Normalize the deflection difference with the coating thickness of the respective Almen 
strip. 
8. The resulting value is a non-dimensional coefficient that is representative of the level of 
residual stress in the coating. 
9. Consider the average of the three Almen strips. 
  
 
 
Figure 3.4 Almen strip designated holder and an example of a substrate to be coated. The masked positions are 
indicative of previous Almen strip tests. 
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3.3.2 Vickers Microhardness 
 
The principle behind the microhardness measurement is to quantify the ability of the examined 
material to resist plastic deformation. This is done by applying a specific load on an indenter with 
a diamond tip in a square pyramidal shape of a 1360 angle (Fig.3.5) [122], where N is the normal 
load applied in Kg and d1, d2 are the lengths of the two diagonals of the diamond impregnation on 
the examined coating (in mm).  
The microhardness can be obtained from eq.3.1: 
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Figure 3.5 Schematic illustration for the Vickers microhardness set-up [122] 
 
The coatings were cut, impregnated with their cross-section facing on the examined sample surface 
and polished in an appropriate manner (sample preparation will be presented in detail in section 
3.4.1.). Consequently, the samples were mounted in a Vickers microhardness indenter (Future 
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Tech, FM-100, Japan) and the microhardness was calculated as the mean average of ten 
measurements in each sample. The load that was used was 0.3 kg.  
 
3.3.3 Dry Sliding Wear Tests  
 
The dry sliding (pin-on-disk) test comprises two basic components, a radiused tip (or fixed ball) of 
a material A and flat plane of a material B. The interest of the measurement can be either on material 
A or B. The plane is rotated around the axis that passes through its centre in a normal direction, 
with respect to the plane. The tip is fixed in a position different than the rotation axis of the plane 
and contact is made between the two, under a specified load F. The basic configuration can be 
viewed in Fig.3.6 where F is the normal force on the pin, d is the pin or ball diameter, D is the disk 
diameter, d is the wear ball diameter, R is the wear track radius, and w is the rotation velocity of 
the plane. The sliding motion between the two contacting bodies will result in material loss which 
can be measured and indicate the severity of the damage. 
 
Figure 3.6 pin-on-disk dry sliding wear test configuration according to ASTM G-99. 
 
The degree of wear damage in a system will, in general, be a function of a number of system factors 
such as the applied load, material properties sliding speed, sliding distance, the environmental 
conditions (moisture temperature) and the existence of any lubricant. The pin-on-disk dry sliding 
test does not aim in simulating an exact real (in-service) set of wear conditions, rather its value is 
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to establish a standardized benchmark test so that different samples can be discriminated with 
respect to their wear performance.  
 
3.3.3.1 Sample Preparation for the Wear Test and Test Parameters 
 
In this work, prior to the wear tests, each examined coating was cut in into three square pieces of 
2x2 cm2 in area and then mounted in bakelite with the coating surface exposed (placed co-planer 
with the sample surface). After mounting, the samples were mirror polished until they showed a 
surface roughness lower than Ra= 0.2 μm so that (i) the specifications of ASTM G-99 are satisfied 
and (ii) any variations of the as-coated surface roughness amongst the tested coatings does not 
propagate (as error) in the wear results. A pin-on-disk tribometer (CSM Instr., Switzerland) was 
used (Fig.3.7) and the test parameters are given in table 3.2. 
Table 3.2 Dry sliding test parameters. 
Dry sliding test parameters 
Normal load (N)  10 
Sliding speed (mm/s)  300 
Total sliding distance (m)  1000 and 3000 
Temperature (0C)  20 
Humidity  70 
Counter body material  Al2O3 
Wear track radius (mm)  6 
Duration (mins)  55 
Al2O3 counter body 
diameter (mm)  6 
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Figure 3.7 (left) the pin-on-disk tribometer (CSM Instr. Switzerland), (right) a sample during the dry sliding test. The 
tribometer was provided by the University of Ioannina GR. 
 
Preliminary wear tests were done at a sliding distance of 3000 m, where the friction coefficient was 
recorded, along with mass loss measurements every 750 m of sliding, for the coatings that 
demonstrated the best and worst microhardness. That aimed at monitoring the wear behaviour of 
the coatings over the distance of 3 km. The rationale behind this was to find the minimum sliding 
distance at which the coatings reached a steady state wear. It was confirmed that all the coatings 
reached a steady-state wear condition from earlier than 750 m of dry sliding. This was necessary 
in order to establish that the 1000 m of sliding distance, under the test conditions seen in table.3.2, 
was an adequately severe test, providing measurable damage in the strongest and weakest coatings 
that were examined. It is important to note that the mass loss measurements were used only in the 
preliminary tests and volume loss measurements was used for the actual wear result determination. 
The preliminary tests are presented in detail in section 6.3 of the results. For each coating there 
was a duplicate run, and whenever there was significant deviation in the results, a third run was 
performed on a third copy of the samples.  
 
3.4 Microstructural and Chemical Characterization of the Coatings 
 
3.4.1 Preparation of Samples and Polishing Route 
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All the examined coatings were cut normal to the coating plane, via abrasive discs with the ATM 
brilliant 200 cut-off machine (Germany). After the sectioning, the resulting coating samples were 
hot-mounted in conductive bakelite resin so that they are ready for SEM examination. The 
mounting process performed by the Struers CITOPRESS mounting press (United Kingdom). 
Finally, the impregnated samples were ground a polished with the ATM SAPHIR 520 (Germany). 
The grinding was performed with resin bonded diamond discs of different diamond sizes of: 68, 
30, 15, 10 and 5 μm. The final stage consisted of oxide polishing (SiO2) of a mean grain size of 0.2 
μm. Between each iteration of grinding and polishing, the samples were washed in a mild solvent, 
bathed in acetone and dried. This aimed in avoid transferring grits from one stage to the next. 
 
3.4.2 Optical Microscopy  
 
Optical microscopy (OM) is the most basic form of optical examination of the morphology of a 
surface. The contrast bellow X500 magnification is better than the SEM and the images have the 
natural color of the specimen. In most cases the magnification range of OM is between X50 and 
X1000 and its resolution limit is at best 0.3 μm [111].  In this work, OM (ZEISS Axiophot, USA) 
was used to measure the coatings thickness and porosity of the coatings. The used equipment had 
a built-in camera which allowed for the capture and process images with the Axio Vision software 
developed by ZEISS.  Porosity was estimated by averaging the pore area fraction of five images at 
magnification X50 for each sample. The determination of the pore area fraction was done with 
image analysis of the OM captured images, further discussed in section 3.4.8.  
 
3.4.3 Scanning Electron Microscopy  
 
The scanning electron microscope differs fundamentally from optical microscopy, since electrons 
and not photons are employed to probe into the sample being examined.  
 
3.4.3.1 The SEM Configuration 
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The essential parts of the SEM microscope can be seen in the illustration in Fig.3.8 and are 
introduced below: 
• The electron gun, which is responsible for the stable supply of electrons with high current 
and variable energy. The filament used as an electron source is either a thermionic emitter 
(it is resistively heated to release electrons) [123] or (more recently preferred) a field 
emission source. In the field emission source, a strong electric field is applied on a very 
thin tip of the single crystal filament and the electrons are drown, producing a significantly 
brighter beam than a thermionic source (typically x100 brighter) [124].  
• A set of two condenser lenses (converging radially the electron beam), apertures (aiming at 
excluding the scattered or inhomogeneous electrons) and an objective lens, aiming to focus 
the electron beam appropriately on the sample. Of course, these are not lenses made of glass 
but rather symmetric electromagnets that control the trajectory of the electrons via the 
magnetic field they generate [123,124].  
• The scanning coils, which deflect the electron beam so that it scans a rectangular area on 
the surface of the specimen that will constitute the final image [124]. 
• The detectors, including the secondary electron detector (SE) and backscatter electron 
detector (BSE), characteristic X-ray detector, Auger electron detector and a camera. Each 
one of those detectors is responsible for capturing a specific aspect of the interaction 
between the electron beam and the examined sample, as described in the next section. 
• High vacuum System. 
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Figure 3.8 Illustration of the basic SEM column [124]. 
  
3.4.3.2 Electron Beam Interactions with the Sample 
 
The result of the excitation of the examined surface by the electron beam is the emission of 
secondary electrons, backscattered electrons, Auger electrons, characteristic X-rays, continuum X-
rays and heat [125]. The aforementioned signals are emitted from the volume of the specimen that 
is affected by the incident electron beam (interaction volume). The size of the interaction volume 
typically depends on the average atomic number (Z) of the examined material and the energy of 
the electron beam (E0). Fig.3.9 [125], illustrates the different signals that are produced by the 
interaction of the electron beam and the specimen.  
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Figure 3.9 Signals produced by the interaction of the primary electrons and the examined specimen in the SEM 
[125]. 
 
When a primary electron from the beam arrives at the specimen there are two principal ways it can 
interact, elastic scattering or inelastic scattering. In the case of elastic scattering, the kinetic energy 
of the primary electron is not affected, but their trajectory can be drastically altered, exceeding 900 
changes. In elastic scattering events, the primary electron manages to approach the nucleus of an 
atom of the examined material, partially screened by the orbital electrons, and interacts with the 
electrostatic field of the nucleus. The electron is violently attracted by the Coulombic force of the 
nucleus and is scattered at a direction that depends on its initial incident angle, kinetic energy and 
proximity to the nucleus. There can be two outcomes of such elastic scattering events, either the 
primary electron will change its trajectory at a large deviation and escape the specimen, or multiple 
small scattering events will take place as the electron moves further into the sample mass. A portion 
of these elastically scattered, high energy electrons manages to escape the specimen and head back 
to the beam source, these backscattered electrons can be detected by the backscatter electron 
detector and provide valuable information of the elemental composition of the sample. The rest of 
the electrons that do not manage to re-exit the specimen diffuse in the sample in a random manner 
and eventually are absorbed by the specimen material. Specifically, elements with higher atomic 
numbers have more positive charges in their nuclei and thus, these nuclei have larger electrostatic 
  Chapter 3. Experimental Procedures 
 
78 
 
fields. As a result the probability that a primary electron will interact with these larger nuclei is 
increased, which results in a reduction of the mean free path of the primary electron, and thus, of 
the interaction volume of the primary electron beam [124]. This can be seen in Fig.3.10 [125]  
where the effect of combinations of low-high beam energy and atomic number to the interaction 
volume is illustrated. Lower primary electron beam energy will also render the incident electrons 
more prone to interact with an atom of the specimen earlier, since they are slower [123]. In that 
way, the mean free path of the primary electrons is decreased, again, yielding a shallower 
interaction volume, versus a primary electron beam of higher energy (Fig.3.11). 
 
 
Figure 3.10 Interaction volume changes with beam energy and atomic number of the examine specimen [125]. 
 
The Backscatter yield ( *+, -.-/01 0-2-3-4516. /4- 70368 -.-/01) is a useful measure to understand the role of 
the atomic number of the examined element to the BSE signal. Carbon, having a low atomic 
number has a BSE yield of 6%, whereas tungsten or gold present a 50% BSE yield (half of the 
incident primary electrons are backscattered, preserving most of their initial energy) [124]. That 
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means that the intensity of the BSE signal is directly related to the mean atomic number of the 
examined phase, resulting in images where brighter regions indicate higher average atomic number. 
In addition, due to the high energy of the BSE electrons, they can avoid absorption by the atoms of 
the material, this means that they can originate from a larger volume of the sample than the 
secondary electrons. In turn, this means that the lateral accuracy of a BSE image will not be as 
good as a SE image and that a BSE image will contain information from regions deeper inside the 
sample [124]. This is illustrated in Fig.3.11 [126], where a schematic illustration of the various 
interaction volumes of the different signals produced in the SEM is presented. 
 
 
Figure 3.11 Interaction volumes of the different signals resulting the electron beam-sample interactions [126]. 
 
In the case of inelastic scattering, as the name suggests, there is significant energy transfer from 
the primary electron to the atoms in the specimen. The recipients of this energy transfer are the 
orbital electrons of the atoms of the examined specimen, since the nuclei are very difficult of excite 
(considering the energies involved in the SEM) [123]. These interactions with the orbital electrons 
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of the sample give rise to the secondary electrons, characteristic X-rays, Auger electrons, 
continuum X-rays and secondary fluorescence (Fig.3.11). 
When the primary electrons interact with the loosely bound valence electrons of the examined 
sample, they can be easily excited ionizing the respective atom. The excited electrons propagate 
through the sample and experience inelastic scattering themselves. These are the secondary 
electron and are typically of low energy (most around 3-5 eV), since they were loosely bound in 
the first place. Due to their low energies they are readily re-absorbed by the atoms in their way 
which means that they can only escape form the sample (and be detected by the secondary electron 
detector) only if they are produced in a shallow region of up to 50 nm form the surface of the 
examined sample (Fig.3.11) [124]. As such, they provide information about the surface 
morphology/roughness of the specimen with excellent lateral resolution (10 nm) [124]. The 
secondary electrons signal is the most widely used in the SEM microscopy. In Fig.3.12, two images 
of the same powder particle, one produced by the secondary electrons detector (Fig.3.12a) and the 
other by the backscatter electron detector (Fig.3.12b) demonstrate the visual difference of the two 
techniques. The SE image provides accurate detail on the surface topography, while the BSE image 
discriminates between elements of different atomic number and probes deeper into the sample, 
sacrificing some of the resolution. 
 
 
Figure 3.12 Image of a powder particle used in this work by a) SE detector and b) BSE detector. 
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On the other hand, when the primary electrons interact with the (more tightly bound) inner orbital 
electrons of the atoms of the examined sample, X-rays, Auger electrons and secondary fluorescence 
are produced. Due to the quantized nature of the energy levels of the electrons in the inner shells 
of the atoms, the products of the ionization and relaxation of them can provide valuable chemical 
characterization of the examined material [123]. 
Specifically, when a primary electron manages to ionize an inner-shell electron of the atom, the 
atom is left with vacancy at that shell (hole). The energy vacancy at a lower shell, will yield a 
transfer of an electron from the outer shell, emitting a quantized photon with an energy equivalent 
to the energy level difference of the involved electron shells (Fig.3.13). Each element has signature 
energy levels at its electron shell structure. Thus, the photons that are emitted from such relaxation 
processed can be reliable markers of the identity of the element involved. Most of the times these 
emitted photons are X-rays and are referred to as characteristic X-rays but in some cases (when the 
relaxation process occurs from the valence shell) the emitted photons are of much lower energy, 
giving rise to frequencies in the ultraviolet, visible or even infrared range (secondary fluorescence) 
[123]. Furthermore, sometimes the emitted characteristic X-ray is re-absorbed by an electron at an 
outer shell before it gets the chance to leave the atom. In these cases, the electron in the outer shell 
that re-absorbs the X-ray can be ionized and ejected from the atom (Fig.3.13). This is the Auger 
effect and provides an alternative way to characterize chemically the examined specimen.  
 
Figure 3.13 inner electron ionization and relaxation process that lead to characteristic X-ray or Auger electron 
emission [123]. 
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In addition to the above, X-rays are also produced by the deceleration of the primary electrons by 
the electrostatic field of the nuclei, in a similar manner to the elastic scattering discussed earlier. 
This deceleration also results in X-ray emission but in this case there are no quantized energy 
transactions since the deceleration is a function of the initial position, energy and direction of the 
primary electron and the nucleus. Thus, the produces X-ray can have any energy, up to the primary 
electrons’ total energy. These X-rays are called continuum X-rays (also known as Bremsstrahlung 
radiation) [123]. 
The energy dispersive X-ray analysis, EDS (or EDX), takes advantage of the characteristic X-rays 
signature nature and identifies the elemental composition of the examined sample by comparing 
the X-rays’ energy distribution and the known characteristic X-rays energy levels for all the 
elements. In this work, EDS analysis is employed extensively. For that reason, it should be noted 
here that the characteristic X-rays of atoms of low atomic numbers (oxygen, Z=8 and carbon, Z=6, 
which are relevant to this work) is not reliably detectable by the EDX detector. The reasons for this 
are related with (ii) the inability of the low-energy X-rays to escape the material and (ii) the inability 
of detector material to be exited from such low-energy X-rays.  
In this work, a JEOL, JSM-7100F (USA) with EDS and backscatter detector was used to 
characterize the samples and powder. In most of the images captured, the electron beam energy 
was at 15-20 KeV and 8-10 nA probe current. However, in some of the point-EDS analysis, the 
beam energy was lowered to 5 KeV, in order to minimize the interaction volume of the primary 
electrons, aiming to enhance the spatial accuracy of the measurement. This was done while keeping 
in mind the characteristic M shell X-ray of the heavier element (W, 1.774 eV) was well within the 
excitation potential of the 5 KeV electron beam. 
 
 3.4.4 X-ray Photoelectron Spectroscopy 
 
The X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect (emission of 
photoelectrons from a material when irradiated with electromagnetic radiation (X-rays) of 
appropriate energy [127]. The X-rays used in XPS are typically of low energy (200-2000 eV) and 
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they are referred to as soft X-rays. That is why the analysis demands high vacuum, since the 
primary X-rays could interact with atmospheric elements. In the XPS analysis, X-rays ionize 
electrons from the inner core shells of the examined atom (Fig.3.14a), while the photoelectron 
excitation of the valence electrons can also be achieved by ultraviolet radiation (10-45 eV), 
exploited in the ultraviolet Photoelectron Spectroscopy (UPS) [128] (Fig.3.14b).  
 
 
Figure 3.14 Photoelectron generation in a) XPS and b) UPS [128]. 
 
The kinetic energy of the emitted photoelectrons is measured and plotted in a graph of 
photoelectron counts vs binding energy (Fig.3.15) [128]. The energy of the primary X-ray (hv, h 
being the Plank’s constant and v the frequency of the primary X-ray) is known and the energy of 
the excited photoelectron is measured (KE, kinetic energy), thus using eq.3.2, the binding energy 
of the photoelectron can be determined. In turn, for each element the binding energies that accord 
to each of its electron shells are characteristic and known, enabling the identification of the 
elements.  
 
9: = ℎ< − >:      (3.2) 
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Each element yields a characteristic set of peaks in the counts-BE plot and, as such, can be reliably 
identified. In addition, the BE of the measured photoelectrons is also a function of the oxidation 
state and the chemical and physical environment of the identified element (causing small shifts to 
the identified peaks’ apparent binding energies). That means that careful examination of the XPS 
spectra can reveal information of the chemical composition (bonds between atoms), beyond the 
elemental composition. Furthermore, the concertation of the identified elements of compounds on 
the specimen surface can be quantified, considering the relative peak intensity. 
 
 
Figure 3.15 Typical XPS spectra [128]. 
 
Lastly, due to the low energy of the primary X-rays, and the respective low energy of the emitted 
photoelectrons, the XPS sampling depth is only a few atomic layers thick. The sampling depth is 
defined as the depth from which 95% of all the photoelectrons are scattered by the time they reach 
the surface and is equal to 3λi (where λi is the inelastic mean free path of an electron in a solid). In 
regards to Al Kα X-ray radiation (used in this work), most λ’s are in the range of 1-3.5 nm yielding 
a sampling length maximum at approximately 10 nm. 
The XPS measurements in this work were carried out by K-APLHA+-Thermo Scientific 
photoelectron Spectrometer (USA) with monochromatic Al Kα (1486.6 eV) X-ray source. All 
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binding energies were calibrated by using C1s peak with a fixed valued of 285 eV. The XPS 
analysis was conducted on the as-sprayed surface of a sample of selected coatings and wear tracks.  
 
 3.4.5 X-ray Diffraction 
 
X-ray diffraction (XRD) is a well-established characterization method that probes into the crystal 
structure of the examined specimen. The underlying concept of XRD is that the diffracted X-rays 
originating from diffractions at different lattice planes, interfere constructively with each other, if 
and only if the spacing of the crystal lattice is equivalent to an integer multiple of the wavelength 
of the incident X-ray (Fig.3.16) [129]. This is most concisely phrased by Bragg’s law 
[127,130,131]:  
 
?@ = 2A sin E     (3.3) 
 
Where ? is an integer, @ is the wavelength of the incident X-rays, di is the interplanar distance and 
E is the incidence angle of the beam (Fig.3.16). The X-rays employed for XRD are typically Cu 
Ka radiation which has a wavelength (λ) of 0.15406 nm, which is comparable to the typical 
interplanar spacing of crystals. It is important that the radiation used for XRD has wavelength equal 
or smaller to the crystal lattice spacings so that it can be effectively diffracted (which entails 
penetration). At these wavelength, the energy of the X-ray is more than 5 times higher than the X-
rays used for XPS. That is why the XRD equipment does not require high vacuum to operate.  
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Figure 3.16 Bragg’s law reflection [129]. 
 
Essentially, the XRD analysis entails the recording of the diffracted X-ray beam, as the sample is 
tilted in front of the primary incident X-ray beam. The resulting spectra is plotted in an intensity 
(counts) versus angle (2θ) graph, where the peaks in the X-ray signal can be corresponded to 
specific θ incidence angles. Then eq.3.5 can reveal the respective spacing in a specific lattice 
orientation. In that way, each crystal structure has a characteristic set of peaks, associated with 
incident angles of Cu Ka and thus, can be identified.  Moreover, the detail examination of the XRD 
pattern can reveal quantifiable information on the concentration of phases in the examined 
specimen, including the relative presence of amorphous phase. 
In this work, the phase make up of the powder and coatings was examined by an X-ray diffraction 
equipment (PANalytical X'Pert Pro, Netherlands, 45 kV, 40 mA) utilizing Cu Kα (λ = 0.15406 nm) 
monochromatic radiation. The diffraction data were collected over a range of 2θ (30°–50°), the 
step size was 0.01° and the time per step was 2 s. 
 
3.4.6 Laser Confocal Microscopy 
 
Confocal microscopy is a powerful technique for surface analysis because it selectively disregards 
any light that is out-of-focus from the illuminated sample. In contrast to optical microscopy where 
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a unit area of the sample is illuminated with a certain depth of field, in confocal microscopy, the 
primary light is concerted at a single point on the sample at any given time. The reflection of the 
primary light, is then passed through a pinhole that blocks out the out-of-focus light, allowing only 
the accurate information of the in-focus plane to be recorded. The focus point on the sample is 
traversed over a specified area and the image of the in-focus plane is built by a computer, one pixel 
at a time. Moreover, adjusting the working distance and pinhole sizes, multiple planes can be 
captured as described above, in the Z axis. This yields a detailed morphological 3D model of the 
examined surface, which is essentially composed only from the in-focus reflections that were 
captured and stitched together, during the lateral and vertical scanning of the primary light on the 
sample [132]. The configuration of a typical laser confocal microscope can be seen in Fig.3.17 
[133] where the functions of the illumination and confocal pinhole pinholes are seen.  
 
 
Figure 3.17 Typical Laser confocal microscope configuration [133]. 
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In this work, the wear tracks of each sample, coming from the dry sliding wear tests, were observed 
by a laser confocal microscope (ZEISS LSM 700, USA) in order to extract profile information and 
ultimately calculate the volume loss associated with the wear damage. Six profiles on the wear 
track were evaluated for each sample and their mean average was considered (eq.3.4). 
 
FG. GFII = 2 J K ∗ M    (3.4) 
 
where R is the mean wear track radius and A is the calculated area under the mean line of the 
profile, shown in red in Fig.3.18. This is the standard way of studying scratches caused by 
contacting bodies, the area in red is considered to be the removed material and the area in green 
indicates the material that has been extruded out of the plane of the surface, when the scratch was 
made. The mean line is calculated using the points of the profile outside (or on) the vertical bars, 
which in the case of Fig.3.18, are the left and right boundaries of the plot.  
 
 
Figure 3.18 Example of the calculation of the area under the mean line in a profile plot, created by the laser 
confocal profilography. 
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 3.4.7 Focused Ion Beam-SEM Sectioning Study  
 
A focused ion beam (FIB) system is essentially a SEM microscope equipped with a precision 
machining tool that can add or remove matter at the atomic scale. This can be achieved via the 
production, acceleration and direction of high energy ionized atoms of a relatively large elements 
(focused ion beam). The energized ions have adequately large mass to dislocate and remove surface 
atoms of the specimen material for the purposes of sputtering or milling. At the same time, the 
interaction between the incident ions and the specimen’s atoms generates secondary electrons 
which make imaging possible before, during and after the ion bombardment on the specimen. 
Beyond the removal of atoms, the FIB can also be employed to deposit additional material on the 
surface of the specimen with accuracy in the nanoscale. A gaseous cloud of the selected material-
to-be-deposited (oregano-metallic structure) is formed over the sample surface and the incoming 
ions strike atoms of molecules down to the specimen surface, where intermolecular attractions 
(Van der Waals forces) fix them. This technique can be used to deposit both conductive and 
resistive materials, since any atom can be suspended in the donor-cloud. In addition, the 
implantation of the ions themselves into the targeted surface is possible, adjusting the energy levels 
of the primary ion beam [134]. The handling (acceleration and focusing) of the ion beam is similar 
to the electron beam (Fig.3.19) (discussed in section 3.4.3.1) since they are both charged particles 
in principle. The different phenomena occurring with the ion beam (sputtering, ion implantation) 
are associated with the massively larger size and mass (and therefore momentum) of the primary 
charged particles. 
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Figure 3.19 Typical configuration showing the essential modules of a two-beam FIB system [134]. 
 
In this work a TESCAN FERA3 (Czech Republic) fully integrated Xe+ plasma FIB SEM was used 
in order to (i) deposit a layer of platinum of the surface of the cross-section of the coating, (ii) 
employ progressive ion milling to expose consecutive layers of material and (iii) capture an image 
via the secondary electron detector every 50 nm of removed material layer thickness. This routine 
aimed at revealing 3-dimensional structural information of the decarburization products of WC. 
 
3.4.8 Image Manipulation and Analysis with FIJI 
 
Microstructural measurements (WC Vol%, Binder mean free path, porosity, tribofilm coverage, 
WC grain shape and size analysis) were made with the open source image analysis java software 
Image J, developed in the National Institute of Health (USA) [135]. It should be noted here that for 
the needs of porosity measurements, the appropriate high-pass particle size filter (>0.5 μm) was 
applied on the binary images from the cross sections of the coatings (five images for each coating), 
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before the measurement took place. This was performed considering the resolution limit of the 
optical microscope, according to [19]. 
For the mean free path measurements, the plot profile command was employed at FIJI, recording 
the gray values along a selected line of 20 μm length, in conjunction with a routine in Matlab that 
accepted the vectorized gray values for each line and counted the number of non-continuous WC 
grain-line intersection occurred. The number of intersections was calculated as the sum of pixel 
pairs in which the first pixel had a gray value of 255 (maximum) and the second lower than that. 
This can only occur at the intersection between the line and the WC grain where the line exits the 
WC. These was done for twenty lines with random orientation per coating cross section image, 
taken with the SEM BSE detector and appropriately binarized with FIJI. 
 
3.5 Physical Profilometry 
 
The surface roughness of the as-spayed surface of the coatings was measured with a TESA 
RUGOSURF 10G (Switzerland) [136] portable stylus roughness gauge. The Average roughness 
(Ra) was measured for an evaluation length of 6 mm, at least five times for each coating. The 
average roughness is defined as the arithmetic mean deviation of the surface height from the mean 
line through the measured profile, with the mean line defined so that equal areas of the profile lie 
above and below it [17]. The mathematical definition of Ra follows: 
 
K6 = NO  P |R()|OS A       (3.5) 
 
where T is the overall length of the examined profile is, R is the height of the surface above the 
mean line at a distance  from the origin [17]. 
 
3.6 In-situ Particle Measurements 
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The particle velocity and temperature were measured in-situ using the Oseir™ Spray Watch online 
monitoring system. This is a system based on a digital charge coupled device (CCD) camera 
spectrally resolving optics. Particle velocities can be measured at a range of 10-1000 m/s and 
average particle temperature measurements at a range of 1000-4000 0C [137]. Particle Velocity is 
calculated by measuring the particle trace lengths (as seen in Fig.3.20) drawn on the CCD during 
a known exposure time in the order of a few μs.  
 
Figure 3.20 Traces of in-flight particles captured by the CCD camera of Oseir™ Spray watch system [137], units 
are mm. 
 
Average particle temperature can be measured via the principle of two color pyrometry, using a 
partial masking of the CCD chip with two optical filter types. The specific filter combination allows 
for the measurement of the radiation intensity of the particle flow at two wavelength ranges, which 
is then used for the calculation of the average particle temperature [137].  
 
3.7 Experimental Configuration for the Spraying of a Complex Geometry 
 
The dynamic behaviour of the spray kinematic parameters (i.e. spray angle, spray distance and gun 
traverse speed) is a function of the shape and dimensions of the geometry, the position of the spray 
nozzle and the position of the rotation axis. In that way, the kinematic parameters are coupled with 
one another and vary simultaneously during the rotation of the part.  
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In this work, the study of the effects and interplay of the spray kinematic parameters was 
approached through two experiments. Firstly, an experiment that would involve the coupled change 
of all the kinematic parameters (as would be expected in a complex geometry) and secondly, a set 
of experiments aiming to decouple the effects of the spray kinematic parameters and study their 
isolated influence and interplay, in an organized fashion.  
The first experiment involved the internal spraying of a plane surface that was rotated around an 
axis (Fig.3.21a). This was performed by fixing the substrate (dimensions of 214 x 80 x 3 mm3) on 
a turntable with controlled angular speed. The spray gun was held in position at the rotation axis 
of the plane. This is an elementary case where a non-symmetrical geometry is sprayed internally. 
The minimum stand-off distance during rotation occurs at the centre point of the substrate where 
the spray plume hits it at 90° (small circle in Fig.3.21b). Respectively, the maximum stand-off 
distance occurs at the edge of the rotating substrate where sprayed particles impact at an angle of 
30° (large circle in Fig.3.21b). The minimum stand-off distance was set at 120 mm which was the 
optimum distance in regards to in-flight particle velocity and temperature measurements by the 
Spray watch system (section 4.2). This was decided so that (i) the optimum stand-off distance 
coincides with the 900 spray angle, which will produce the best achievable coating microstructure 
and provide a reference for the rest of the experiments and (ii) considering real world cases where 
the spray equipment operator aims to ascertain that all the fluctuations in the spray distance which 
occur during the rotation of the geometry will involve greater than-or-equal stand-off distances, 
than the optimum stand-off distance. 
The rotation speed was set at 40 rpm (4.1887 rad/s) and the HVOF gun had a vertical translational 
velocity of 2 mm/s; this resulted in a steady vertical step between the passes (track pitch) of 3 mm. 
In preliminary, single-pass experiments, the spray footprint at 120 mm was measured to be circular 
with a diameter of around 4 mm. Considering the track pitch of 3 mm, the spray footprint at 120 
mm yielded an overlap factor of 25% between the successive spray passes. The overlap factor is 
expected to increase as the spray distance gets longer because of the associated enlargement of the 
effective footprint. The spray process lasted for 20 cycles (each cycle comprising two vertical spray 
scans of the substrate). After the process, five sites (S1, S2, S3, S4 and S5) were marked on the 
specimen from its centre point to its edge indicating areas where the impact angle was 90°, 75°, 
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60°, 45° and 30° accordingly. Beyond the varying impact angle, each of those sites corresponded 
to different stand-off distances and gun traverse speeds as seen on table.3.1. 
The second set of experiments was performed with the HVOF gun traversing linearly over the 
substrates (dimensions of 160 x 80 x 3 mm3) as illustrated in Fig.3.21C. The spray angles, distances 
and traverse speed for the gun were chosen to copy the conditions from the rotating-plane 
experiment, nonetheless the kinematic parameters were all individually controlled in the linear 
experiments. This allowed for the decoupling of the kinematic conditions and cross-referencing 
between the results of the linear experiments and the rotating-plane experiment, so as to provide 
insight on the interplay of the kinematic conditions. Furthermore, the decoupling of the kinematic 
conditions in the linear experiments enabled the study of the influence of each one individually, 
whilst holding the other conditions constant. Both in the linear and the rotating experiments the 
same number of spray passes was performed (20 cycles of 2 spray passes each). 
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Figure 3.21 Experimental set-up A) rotating-plane experiment, B) illustration of the rotating-plane experiment and 
the five points selected for characterization, C) illustration of the linear experiments, aiming to decouple the 
kinematic conditions seen in the rotating-plane experiment. 
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In order to calculate the functions of spray stand-off distance and gun traverse speed in respect to 
the spray angle, Fig.3.22 is used as a hypothetical example.  
 
 
Figure 3.22 Illustration of a rotation of a plane around the spray position, calculation of stand-off distance and gun 
traverse speed as a function of the spray angle. 
 
With reference to Fig.3.22, let ε0, ε1, ε2 be three steps of the rotation of the substrate ε around S, 
which is the fixed position of the spray gun. Since the plane substrate is rotated around S, its 
distance from it does not change: 
 
 UVS WWWWWW =  UXNWWWWW = UXWWWWW = minimum U[\?A F]] A^I[\?_`  (UX3)   (3.6) 
 
This distance will be referred to as “pedal” and, as mentioned earlier, it is taken to be equal to the 
minimum stand-off distance during the rotation. In the rotation step ε1, the spray distance (UVN WWWWWW) is 
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the hypotenuse in the triangle UXNVN, thus is equal to UXNWWWWW sin EN⁄ . Generalizing, it can be easily 
seen from simple Pythagorean geometry that the stand-off distance (SOD) changes with spray 
angle as: 
 
UX(E) = b-46.cde f        (3.7) 
 
Regarding the behaviour of the gun traverse speed with the rotation of plane ε, assuming that the 
position of the moving spray footprint Q on the rotating plane is defined by its displacement from 
the respective point D, which is the intersection point between the pedal and ε, then it can be seen 
from the triangle UXNVN (Fig.3.22) that: 
  
 XNVNWWWWWWW = tan iN ∗  UXNWWWWW       (3.8) 
 
Where UXNWWWWW  is equal to the pedal, or SODmin (eq.3.6) and the angle iN is equal to π/2 – θ1. 
Now, let a moving point Q along the plane ε, defined by its distance to the respective intersection 
point of the pedal and ε, assigned with the letter D. As the angle i changes, eq.3.8 can be written: 
 
4 jkWWWW 
4 l = 4(mne l∗b-46.)4l = (sec i) ∗ q`A\G    (3.9) 
 
Meanwhile the steady angular velocity of the rotation of the plane ε defines the rate of change of 
the angle i with time and is defined as: 
 
r = 4l4         (3.10) 
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Applying the chain rule in eq.3.9 and eq.3.10, one gets: 
 
4l
4 ∗ 4 jk
WWWW 
4 l = 4 jk
WWWW 
4  = r ∗ (sec i) ∗ q`A\G     (3.11) 
 
Eq.3.11 expresses the derivative of the displacement of the moving spray footprint with time, or 
the gun traverse speed. Using eq.3.11 and converting the units of ω from rpm to rad/s, table 3.3 is 
calculated.  
 
 
Table 3.3 Kinematic conditions at the five points examined in the rotation-plane experiment. 
Sites of interest S1 S2 S3 S4 S5 
Spray angle  900 750 600 450 300 
Stand-off distance (SoD) (mm) 120 124 138 170 240 
Gun traverse speed (mm/s) 502 538 670 1005 2010 
 
 
Table 3.4 presents twenty linear experiments conducted with traverse speed of 502mm/s and three 
experiments with increasing gun traverse speed. The first twenty experiments in table 3.4 aim to 
study the influence of SoD, spray angle and their interplay. The spray distance of 124 mm (copying 
S2, from the rotating plane experiment) was not evaluated because it was too close to the 120 mm 
of the S1 and did not provide any new information in preliminary tests that were conducted. The 
spray distance and spray angle are examined in a full-factorial manner because they both dictate 
the state of particle impact (section 2.5.1 and 2.5.2) and significant interplay between the two is 
anticipated. Conversely the traverse speed is not expected to affect the state of particle impact since 
it is more than two orders of magnitude lower than the expected particle velocity and thus its 
interplay can be inferred by comparing the linear experiments (that probe into its isolate effect, 
table 3.4) and the rotating-plane experiment. 
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Table 3.4 Kinematic conditions of the linear experiments. 
Spray angle     900    750     600     450     300 
SoD 120 mm •  •  •  •  •  
SoD 138 mm •  •  •  •  •  
SoD170 mm •  •  •  •  •  
SoD 240 mm •  •  •  •  •  
  
     
Traverse speed    502 
mm/s 
 
670 
mm/s      
    2010 
mm/s 
SoD 120 mm/Spray angle 900 •  
 
•  
 
•  
 
 
3.8 Measurement Scatter Considerations 
 
Over the next chapters (4, 5, 6), all the results that are derived from averaging multiple 
measurements are presented along with the standard error of measurement, defined as: 
 
U:s̅ = t√    (3.12) 
 
where v is the standard deviation of the measurements and ? is the number of measurements. In 
turn, the standard deviation of the measurements is defined as:  
 
v = w∑ (sy2s̅)$zy{ 2N    (3.13) 
 
where    is an individual measurement and ̅ is the mean average of the measurements.
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CHAPTER 4  Deposition Rate, Porosity, Residual Stresses and 
Microhardness 
 
 
 
4.1 introduction 
 
In Chapter 4, the deposition rate, residual stresses, porosity and microhardness of coatings will be 
thoroughly examined, discussed and correlated with the state of particle impact (velocity vectors 
and temperature of impinging particles). The respective characterization will evaluate the interplay 
of the spray kinematic parameters. 
 
4.2 Particle Velocity and Temperature Measurements  
 
The average velocity and temperature of particles was measured on-site with Oseir Spray watch 
system, seen in Fig.4.1.  
 
 
Figure 4.1 Particle velocity and temperature measurements using Oseir Spray watch system. 
 Chapter 4. Deposition Rate, Porosity, Residual Stresses and Microhardness  
 
101 
 
Table 4.1 shows the measurements for spray distances of 120 and 240 mm, that define the range 
of interest for this work. The standard deviation of the velocity and temperature measurements is 
given in Table 4.1. At 120 mm, particle velocities are at a maximum while particle temperatures 
are kept relatively low and this corresponded with the optimum microstructure and mechanical 
properties of the coating. Low temperature will ensure minimum decomposition products of the 
WC and maximum velocity will enable high deposition rates with compressive residual stress 
transfer in the microstructure. As the spray distance gets longer, particle temperature is increased 
and the particle velocity is decreased, as expected (section 2.5.2). 
 
Table 4.1 Average particle velocity and temperature measurements at 120 and 240 mm distance from gun nozzle. 
 
 
 
 
4.3 Effect of Spray Angle in the Velocity Vectors of Impinging Particles 
 
Assuming a particle impact angle θ, and V the total particle velocity, the velocity components 
associated with oblique impact angles can be expressed as: 
 
 = V sin E   (4.1)  
 =  cos E   (4.2) 
 
Therefore the corresponding kinetic energies will be:  
 
:~ = N      (4.3) 
:~ = N      (4.4) 
Spray Distance Particle Velocity Particle Temperature 
120 mm 860±64 m/s 1500± 27 K 
240 mm 630±40 m/s 1800± 40 K 
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The development of the above in the range of particle impacts that are examined in this work can 
be seen if Fig.4.2 It is worth noting that due to the exponential nature of the relation between 
velocity and kinetic energy, a 30% reduction from V (due to losses associated with oblique 
spraying) results in a 50% loss in the corresponding kinetic energy of the impinging particles. 
 
 
Figure 4.2. Particle velocity components and kinetic energy breakdown with impact angle. 
 
4.4 Deposition Rate of Coatings  
 
In this section, the deposition rate is defined as the coating thickness that is obtained after the fixed 
number of spray cycles (20) that were used to fabricate all the examined coatings. Thus, in the 
discussions herein, the terms deposition rate and coating thickness are interchangeable. The 
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deposition rate is an interesting parameter of the coating process because apart from its economic 
importance in terms of production speed and efficiency, it also provides important insight into the 
state of the impinging particles. In essence, deposition rate is a direct indicator of the ability of the 
impinging particles to deform upon impact and build-up a coating. Such conditions demand a 
balance of kinetic energy and temperature upon impact (critical impact parameters).  
In the case of this work, WC-17Co in the form of relatively fine powder, showed significant 
dependence on the spray kinematic parameters, regarding the achieved deposition rates. For each 
coating, the average of six measurements of coating thickness were considered. Fig.4.3 shows the 
coating thickness measurements for the coatings sprayed at 120 and 138 mm, at all the examined 
spray angles, while Fig.4.4 presents the same measurements for the coatings sprayed at 170 and 
240 mm. The measurements from the coatings from the rotating-plane sites (S1-S5) can be seen in 
Fig.4.5 and the effect of gun traverse speed to deposition rate in Fig.4.7. Table 4.2 includes the 
measured coating thickness values from the linear and rotating-plane experiment and Fig.4.6 
presents the values in a graph for the sake of comparison and discussion. 
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Figure 4.3 Optical microscopy images showing coating thickness measurements (40 spray passes) for coatings 
(linear experiments) sprayed at 120 and 138 mm of spray distance, at all the examined spray angles. 
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Figure 4.4 Optical microscopy images showing coating thickness measurements (40 spray passes) for coatings 
(linear experiments) sprayed at 170 and 240 mm of spray distance, at all the examined spray angles. 
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Figure 4.5 Optical microscopy images showing coating thickness measurements (40 spray passes) for coatings 
(rotating-plane experiment), kinematic conditions indicated next to each image. 
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Table 4.2 Coating thickness measurements (40 spray passes) for the coatings from the linear and rotating-plane 
experiments (margins indicate the standard error of measurement).  
Coating thickness (μm) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 364±1.3 341±2.8 274±1.1 217±1.2 147±1.4 
138 mm 396±3.2 336±2.7 270±2 233±1.8 185±5 
170 mm 397±2.7 370±2 325±2 250±2 224±2.7 
240 mm 413±3.1 426±1.3 307±3.8 248±2 211±2.4 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
364±1.3 274±3.1 95±5 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
373±3.2 344±2.5 266±1.5 162±1.8 71±2.7 
 
 
Figure 4.6 Influence of spray angle to the coating thickness of coatings. 
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In general, it can be said that as the spray angle gets more oblique, the deposition rate is negatively 
affected and when the spray distance is elongated, deposition rate is increased. The negative 
correlation of the deposition rate with the spray angle can be justified via the associated normal 
velocity component loss that occurs at oblique angles. The normal (to the substrate plane) vector 
of velocity is useful in terms of particle deformation and coating build-up while the tangential 
velocity vector encourages particle rebounding. Fig.4.2, illustrates the corresponding development 
of the particle’s useful kinetic energy as the normal component of velocity is reduced.  Meanwhile, 
particles that arrive colder to the target surface are most prone to rebound along the lines of the 
mechanism described above. This is because the plastic deformation of the binder phase of colder 
particles requires more energy versus hotter particles due to the higher yield strength of colder 
binder. In turn, this translates to higher critical normal velocity component, required to achieve 
successful deposition, which limits the number of impinging particles that are adequately energetic 
to be deposited.  
The interplay between kinetic energy and the particle’s yield strength evolution with temperature 
(ie. ability to deform plastically) can explain the influence of spray distance to the deposition rate. 
Longer spray distances, offer extended time of flight of the particles, which also means a longer 
time frame for heat exchange between the particle and the hot HVOF jet. Depending on particle 
size, shape, morphology and trajectory in the spray plume, respective heating will occur [28,138]. 
In Fig.4.6 it is seen that coatings sprayed at longer spray distances are generally thicker than 
coatings sprayed at shorter spray distances, at all spray angles. 
Concerning the rotating–plane experiment, where all the spray kinematic parameters vary along 
the rotational motion (Fig.4.5), at 900 of spray angle, the thickness is 373 ±3.2μm and at 300 it is 
reduced to 71±2.7 μm (80% reduction). This decline in coating thickness is notably steeper than 
what is seen in the linear experiments (Fig.4.6) that follow the same range of spray distance and 
spray angle but remove the effect of gun traverse speed. Specifically the respective reduction in 
coating thickness from 900 to 300 of spray angle at 120 mm of spray distance is 58%, at 138 mm 
53%, at 170 mm 43% and at 240 mm is 49%. The linear experiments (colored data points in 
Fig.4.6) suggest that the effect of spray angle is of the same magnitude at all the examined spray 
distances, being responsible for approximately 50% loss of coating thickness from 900 to 300. That 
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being noted, the effect of spray angle at the shortest spray distance of 120 mm is mildly more severe 
for reasons that will be explained further on.  
The effect of gun traverse speed can be demonstrated by the inconsistency of the thickness 
reduction between the results from the rotating-plane coatings (black square data points, Fig.4.6) 
and the linear experiments (colored data, Fig.4.6), as discussed above. It is seen that while from 
900 to 600 the decline of coating thickness occurs at resembling rates for the linear and rotating-
plane experiment, after 600 the coatings from the rotating-plane experiment deviate significantly 
from the trend followed by the linear experiments, showing aggressive losses in coating thickness. 
The steeper decline in coating thickness after 45° corresponds development of the traverse speed 
profile in table 3.3: traverse speed at 45° and 30° is double and quadruple the traverse speed at 90° 
while it only marginally increases at 75° and 60°. Gun traverse speed is essentially the derivative 
of translation of the gun in time. Assuming a constant spray process parameters and powder feed 
rate, there is a constant equivalence between particles sprayed and the unit of time. In that way, 
gun traverse speed dictates the number of particles sprayed per unit length of the coated surface, 
which itself is directly proportional to the coating thickness obtained at that unit length (assuming 
a constant deposition efficiency). This relationship is a hyperbolic one: 
 
 
](, \) = 6   (4.5) 
 
 
Where ] is the coating thickness per unit length of sprayed surface, a is a measure of the powder 
particles sprayed per unit time, which is constant; and  is the gun traverse speed. The effect of 
traverse speed to coating thickness can be examined in isolation from the other kinematic 
parameters in Fig.4.7 and 4.8. There, it is seen to confirm the hyperbolic nature of the relationship. 
The same is found in [7] where WC-12Co and WC-Fe powders are sprayed via APS. 
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Figure 4.7 Optical microscopy images showing coating thickness measurements for coatings with increasing gun 
traverse speed (linear experiments), kinematic conditions indicated below to each image. 
 
 
Figure 4.8 Isolated effect of the gun traverse speed to the deposition rate of coatings. 
 
Lastly, it is noteworthy to observe the beneficial role of 750 of spray angle to the deposition 
efficiency of coatings sprayed at 240 mm. This is an unexpected exception to the general trend 
demonstrated by the other spray distances and highlights the importance of studying the kinematic 
effects systemically, including their interplays and not in isolation. Similar improvement in the 
deposition rate has been made in [9] where very fine WC-Co powder was sprayed via HVOF and 
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via APS in [7,8]. In those works, the increased apparent deposition rate that occurs at 750-800 is 
attributed to (i) the initial titling of the spray gun equipment held by the robotic arm due to its large 
weight [9] and (ii) the skewness of the plasma spray plume [7,8]. In both cases, it is essentially 
argued that the true 900 spray angle occurs when the spray equipment (or substrate plane) is tilted 
100-150 (resulting in spray angle of 750-800). In these works there is no further discussion into the 
effects of small spray angle inclinations on deposition rate. It should be noted that the justifications 
that were used by the previous authors to explain the increase in deposition rate at 750 are not 
applicable in the set-up of this work since the same spray process parameters and angles where 
repeated for all the different spray distances, however only the coatings sprayed at 240 mm 
exhibited the improvement in deposition rate. Hence, it is revealed that the state of particle impact 
has an important role in the deposition rate at small oblique angles, which has not been 
acknowledged before. What occurs at 750 of deposition angle will be revisited in section 5.3.1, 
where additional results, provide insight into the microstructural changes that occur at these small 
spray angle inclinations, at long spray distances. 
 
4.5 Residual Stresses of the Coatings 
 
Compressive residual stresses in the coating microstructure are of vital importance since it is 
established that they suppress crack initiation and propagation [31,33], conversely tensile residual 
stresses facilitate crack formation and propagation and should be avoided [31,34]. For the needs of 
this work, the Almen strip method (three Almen strips for each coating process) was employed to 
estimate the level of residual stressin the microstructure of the coatings. As discussed in the 
literature review (section 2.3.5.3) and experimental Chapter (section 3.3.1), the curvature of the 
Almen strips is a function of three sources of residual stress: (i) quenching stresses (always tensile), 
(ii) cooling stresses (tensile or compressive) and (iii) peening stresses. In the case of HVOF 
spraying, the peening stresses overwhelm the cooling and quenching stresses due to the high 
particle velocities that are developed during the process and relatively low deposition temperatures 
[32,33]. The peening stresses are compressive by nature and are transferred to the coating by the 
highly energetic collisions of the impinging particles. As such, they are highly desirable for wear 
resistance applications because of their crack-suppressing quality. 
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The Almen strip test was impossible to be conducted in the rotating-plane experiment due to the 
configuration of that set-up. The effects of the kinematic spray parameters on the residual stresses 
in the coatings will be discussed on the basis of the linear experiments. Table 4.3 presents the 
measurements from the Almen strips expressed as difference in pre and post-spray curvature of the 
strips, normalized by respective coating thickness [121], and Fig.4.9 illustrates the trends that 
emerge for the linear experiments that examine the spray angle-distance interplay. All the coatings 
present a convex free coating surface curvature indicating prevailing compressive residual stresses 
in the microstructures. 
 
Table 4.3 Almen strip curvature measurements for the coatings from the linear experiments (margins indicate the 
standard error of measurement).  
Almen strip normalized curvature (a.u.) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 1.12±0.16 1.09±0.22 1.21±0.23 0.92±0.24 0.73±0.25 
138 mm 0.84±0.07 0.93±0.1 0.65±0.03 0.67±0.08 0.53±0.1 
170 mm 0.57±0.08 0.39±0.01 0.23±0.02 0.42±0.09 0.3±0.01 
240 mm 0.51±0.16 0.47±0.12 0.28±0.11 0.38±0.11 0.41±0.06 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
1.12±0.16 1.7±0.08 1.32±0.08 
 
 
It should be noted that the normalization of the curvature difference of the Almen strips with the 
respective coating thickness complicates the comparison of the results of this work with relevant 
literature since, in this work, there is significant variance in the coating thicknesses. Normally, 
when residual stresses are assessed with the Almen strip method, the coating thickness is 
maintained throughout the different examined coatings [10,11,14]. However, the scope of this work 
is to examine the systemic effect of spray parameters on coatings that results from spraying 
complex geometries. Thus, following the manner in which a complex shape would be sprayed, all 
the coatings are sprayed at the same number of passes of the spray gun, which yields the coating 
thickness variation. In other words, the level of compressive residual stress results presented here 
do not stem only from the effect of the kinematic spray parameters but also include the second-
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order influence of the coating thickness, which has been shown to be significant in the final residual 
stress measurement [31,139].  
With reference to Fig.4.9, it is clear that shorter spray distances (120, 138 mm) are able to retain 
notably higher compressive residual stresses at all the examined spray angles. Furthermore, the 
level of compressive residual stress at the short spray distances is more sensitive to the effects of 
spray angle. Conversely, at the longer spray distances (170, 240 mm) the level of compressive 
residual stress is significantly lower and does not appear to have a meaningful relation with spray 
angle. The same observation in regards to the effect of spray distance is also made by [14] where 
WC-Co-Cr coatings were HVOF sprayed. Regarding the gradual compromise of the level of 
compressive residual stress by the oblique spray angles, seen in the short spray distances (120, 138 
mm), the same trend is seen also in [10,11] where WC-Co and Cr3C2-NiCr powders where sprayed 
via HVOF at oblique spray angles. In the HVOF, the compressive stresses seen in the coatings are 
governed by the peening stresses. As such, the effect of spray angle in the short spray distances can 
be explained by the associated normal velocity vector losses (Fig.4.2) and their implications for 
the kinetic energy of the impinging particles. At short spray distances, when the flight time of the 
particles is limited, the yield strength of the binder of the impinging particles is relatively high due 
to the low particle temperatures at impact. As of that, there is higher demand for kinetic energy in 
order to achieve deposition. That dictates that each particle that is adequately energetic to form 
deform plastically, will impart significant residual stress in the preceding coating layer. 
Conversely, at the longer spray distances the compressive residual stresses are lower and the effect 
of spray angle is not clear. Specifically, longer spray distances allow for higher temperatures of the 
in-flight particles, which ultimately lowers the criterion for splat formation upon impact due to the 
respective thermal softening of the Co binder. That development, in effect, impedes any stress 
transfer to the preceding coating, since most of the kinetic energy of the softened impinging particle 
will be misspent on the easier particle deformation and splat formation, rather than on the internal 
strain of the preceding layer. In addition to that, the overall particle velocity is expected to be 
reduced at excessively long spray distances due to respective changes in the HVOF plume velocity 
field (section 4.2).  
Finally, a third factor that is responsible for the compressive residual stress decline with increasing 
spray distance is the reduced cooling stresses. At longer spray distances, the coating-substrate 
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temperature is expected to be lower versus shorter spray distances. Even though the impinging 
particle temperature is higher at longer spray distances, the heat transfer between the HVOF jet and 
coated surface is lower. This is due to the decreased gas velocity, temperature and pressure field. 
The thermal expansion coefficient of WC-Co is 8.1x10-6 0C-1 which is lower than that of the Almen 
strip (SAE 1070, 11.61x10-6 0C-1) [14]. This ratio of thermal coefficients indicates that the cooling 
stresses that will develop post-spray will be of compressive nature in the coating and of tensile 
nature in the substrate. Due to the mechanisms described above and looking at Fig.4.9, it can be 
presumed that the role of spray distance is more important than the spray angle in determining the 
level of residual stress in the coating microstructure. 
 
  
Figure 4.9 Influence of spray angle to the level of compressive residual stress in the coatings. 
 
Regarding the effect of gun traverse speed to the level of residual stress in the coatings, there is no 
clear trend observed. Fig.4.10 exhibits the level of compressive residual stress of coatings sprayed 
at 120 mm, 900, at 502 mm/s, 670 mm/s and 2010 mm/s. It should be noted here that, on its own 
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merit, gun traverse speed is not expected to influence the peening stresses of the spray process 
since it does not affect the particle impact conditions (particle temperature and velocity). However, 
gun traverse speed will affect the temperature and cooling rate of the preceding coating layer, which 
can affect the residual stress in the coating. 
 
Initially, it appears that there is an increase in the level of compressive residual stress in the coatings 
from 502 to 670 mm/s, and then, a clear decline up to 2010 mm/s. Considering the behaviour of 
the compressive residual stress in Fig.4.10 that is above 670 mm/s, it is in good agreement with 
[14], where HVOF sprayed WC-Co-Co coatings are found to have reduced compressive residual 
stresses from 1000 mm/s to 1700 mm/s. In that study, it is argued that there is more aggressive heat 
exchange at slower gun traverse speeds, leading to hotter coating-substrate systems that, in turn, 
generate higher compressive cooling stresses post-spray.  
 
Slower traverse of the spray gun over the coated surface results to higher heating of the deposited 
coating and higher cooling compressive stresses. Be that as it may, if too much heating of the 
preceding coating layer occurs, there is danger of impeding the coating’s ability to retain the 
peening stresses, since there will be progressively increased relaxation of any residual stress above 
a temperature threshold. These facts indicate that there is an optimum temperature for the coating-
substrate system that (i) maximizes the cooling residual stresses of compressive nature and (ii) does 
not allow for relaxation of the peening stresses from the microstructure. It is highly possible that 
this optimum coating-substrate temperature is manifested at the higher level of compressive 
residual stress of the coating sprayed at 670 mm/s, in Fig.4.10. Considering the short spray distance 
of 120 mm, at 502 mm/s of traverse speed, there may be excessive heating of the pre-deposited 
coating resulting in some relaxation of peening stresses of the impinging powder particles. The 
coating overheating at low traverse speeds is also reported in [7].The excessive heating of the 
coating at very short spray distances and at 502 mm/s, has been demonstrated experimentally. In 
preliminary experiments that were performed at the same traverse speed, 900 but at 100 mm of 
spray distance resulted in coatings with intensely burned surface and wavy surface features that 
indicated plastic flow of the binder-post deposition. Such plastic deformation of the binder post-
deposition would entail the relaxation of residuals stresses. Meanwhile, at the gun traverse speed 
of 670 mm/s, the heating of the pre-deposited layer of coating is less than the 502 mm/s case and 
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the peening stress transfer occurs more efficiently. Thus, it appears that the behaviour seen in 
Fig.4.10 is a result of the combination of relatively slow traverse speed and very short spray 
distance of 120 mm. 
 
 
Figure 4.10 Isolated effect of the gun traverse speed to the level of compressive residual stress of coatings. 
 
4.6 Porosity of the Coatings 
 
The porosity of the examined coatings was determined via image analysis from cross-sectional 
images from the optical microscope. The studied images were depicting an area of approximately 
23,700 μm2 and at least five such images, per coating, were considered for the measurements. The 
pores in the microstructure where isolated and measured via thresholding appropriately the images. 
Subsequently, a high-pass filter was applied that allowed only for the pores that are larger than 0.5 
μm2 to be considered for the porosity measurement. This restriction originated from 
recommendation given in [19], concerning the resolution limit of light microscopy. Fig.4.11 
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presents selected cross-sectional images from the five sites of the rotating-plane experiment and 
their respective copies, post-image analysis, featuring the porosity detected in each one. 
 
Figure 4.11 Optical microscopy images showing typical coating microstructures from the rotating-plane experiment, 
along with their respective porosity, post image analysis. 
In Fig.4.11, a general increase in the number of pores can be seen from S1 to S5. At S4 (450, 170 
mm, 1005 mm/s) some mildly larger pores can be seen, in relation to the pores found in the rest of 
the coatings. Finally, it is clear that the pore density is higher in S5 since the total coating area 
examined a fraction of the rest of the examined sites (S1 to S4). Following the same rationale, 
Fig.4.12 to 4.16 present the porosity of coatings from the set of linear experiments. Figure 4.12 
demonstrates the evolution of coating porosity in the coatings sprayed at 120 mm, from 900 to 300 
spray angles. 
 
Figure 4.12 Optical microscopy images showing typical coating microstructures from coatings sprayed at 120 mm 
(linear experiments) at all the examined spray angles, along with their respective porosity, post image analysis. 
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Although there is evident increase in the number of pores as the spray angle gets more oblique, the 
pore size remains the same for all coatings sprayed at 120 mm (Fig.4.12). In Fig.4.13 coatings 
sprayed at 138 mm, at all the examined spray angles are presented, where the size of some pores is 
notably larger than the case of 120 mm spray distance. 
 
 
Figure 4.13 Optical microscopy images showing typical coating microstructures from coatings sprayed at 138 mm 
(linear experiments) at all the examined spray angles, along with their respective porosity, post image analysis. 
 
Figure 4.14 shows the porosity of coatings sprayed at 170 mm, at all the examined spray angles, 
where a significant deterioration of the microstructure can be seen from the 450 to 300. Again, there 
is a mild increase in the pores size from the case of 138 mm spray distance, at respective angles. 
Yet, the number of pores is the main feature that appears to be changing with the effect of spray 
angle. 
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Figure 4.14 Optical microscopy images showing typical coating microstructures from coatings sprayed at 170 mm 
(linear experiments) at all the examined spray angles, along with their respective porosity, post image analysis. 
 
Figure 4.15 presents the porosity of the coatings sprayed at 240 mm, at all the examined spray 
angles. At this spray distance, an important increase in the number of pores can be seen in the 
coatings from all the examined spray angles, compared with shorter spray distances. Moreover, 
looking at Fig.4.15 the effect of spray angle to porosity is not clearly evident. It appears that 
irrespective of spray angle, all the coatings present elevated levels of porosity. 
 
Figure 4.15 Optical microscopy images showing typical coating microstructures from coatings sprayed at 240 mm 
(linear experiments) at all the examined spray angles, along with their respective porosity, post image analysis. 
 
Finally, Fig.4.16 presents the porosity of the coatings sprayed at different gun traverse speeds, at 
900 and 120 mm of spray distance. Again, the effect of gun traverse speed is not evident. 
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- 
Figure 4.16 Optical microscopy images showing typical coating microstructures from coatings sprayed at various 
gun traverse speeds (linear experiments) at constant spray distance (120 mm) and angle (900), along with their 
respective porosity, post image analysis. 
 
Table 4.4 includes the porosity measurements and table 4.5 the pore count for all the examined 
coatings. 
Table 4.4 Porosity measurements for all the examined coatings.  
Porosity over 0.5 μm (%) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 0.15±0.03 0.24±0.025 0.33±0.05 0.23±0.05 0.33±0.03 
138 mm 0.14±0.01 0.26±0.04 0.32±0.07 0.35±0.09 0.7±0.1 
170 mm 0.28±0.06 0.37±0.1 0.49±0.15 0.35±0.02 0.77±0.06 
240 mm 0.61±0.15 0.66±0.09 0.49±0.08 0.54±0.13 0.65±0.1 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
0.15±0.03 0.2±0.07 0.17±0.06 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
0.23±0.03 0.3±0.02 0.49±0.11 0.59±0.16 0.88±0.16 
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Table 4.5 Pore count measurements for all the examined coatings.  
Pore count over 0.5 μm 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 41±10 67±10 90±14 63 ±14 90±8 
138 mm 40±5 66±11 82±17 85±20 148±20 
170 mm 65±12 80±25 109±30 86±6 158±9 
240 mm 105±12 106±8 110±9 111±20 133±11 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
41±10 62±19 39±12 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
55±7 80±6 120±21 142±30 162±10 
 
 
In order to compare the porosity results from all the coatings Fig.4.17 was drawn, showing the 
porosity fraction (Fig.4.17a) and the pore number count (Fig.4.17b) for each one of the examined 
coatings. It is notable that there is a close agreement between the behaviours of porosity and 
porosity count, which suggests that any change in porosity is predominantly due to a change in the 
number of pores, rather due to a change in their size.  
 
Figure 4.17 Influence of spray angle to a) porosity over 0.5 μm and b) pore count over 0.5 μm. 
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In Fig.4.17, coatings sprayed at 120 mm, appear to be mildly affected by spray angle. Although 
there is a significant fractional increase, in the order of 120%, from the coating sprayed at 900 to 
the one sprayed at 300, the absolute values of porosity remain at insignificant levels throughout all 
the coatings sprayed at 120 mm. Coatings sprayed at 138 and 170 mm, first show a relatively mild 
increase in porosity from 900 to 450 and a sharper one from 450 to 300. This behaviour of porosity 
with the changing spray angle appears to be in good agreement with the trends observed in the 
relevant literature. Specifically, in [8], where WC-Co and Cr3C2-NiCr coatings were APS sprayed, 
porosity appears to remain unchanged until 500 of spray angle and, from then on, it rises sharply. 
A similar trend is presented also in [9] where fine WC-Co powders were sprayed via HVOF. Lastly, 
looking at coatings that are sprayed at the longest spray distance of 240 mm and considering the 
standard error of measurement, porosity does not appear to be affected meaningfully by the 
changing spray angle (0.61% at 900 to 0.65% at 300). However, porosity at this spray distance, is 
markedly higher than shorter distances, for all spray angles (except the case of 300 where coatings 
sprayed at 138 and 170 mm surpass coating sprayed at 240 mm). This is in agreement with [13] 
where FeMnCrSi+Ni+B alloys are sprayed via HVOF and porosity is seen to be negatively affected 
by spray distance. 
Porosity in the microstructure of WC-Co, thermally sprayed coatings is seen to originate from two 
primary sources: (i) imperfect compaction of adjacent splats, yielding irregular porosity (intersplat 
porosity) (Fig.4.18a) and (ii) reaction gas products of carbon and oxygen that diffused in the liquid 
binder during the flight of the particle (Fig.4.18b), also discussed in [50,51]. In the latter case 
(Fig.4.18b), porosity is in the form of spherical pores consisting of CO or CO2 gases. Also, the 
porosity consisting of gas reaction products consists of nano-pores which are apparent only in the 
longest spray distance studied in this work, which allows for the necessary in-flight dwell time for 
the respective diffusion and oxidation processes. Ultimately, nano porosity is not detectable by the 
optical microscope, and thus is not considered for the porosity results above. Regarding the first 
type of porosity (intersplat-irregular) in Fig.4.18a, it may be the result of inadequate plastic 
deformation of impinging particles, surviving porosity stemming from the structure of the powder 
particles themselves (more detailed discussion in section 5.4) or inhomogeneous material 
shrinkage during cooling [6]. 
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Figure 4.18 SEM images of the two kinds of porosities in the coatings microstructures a) (SE image) intersplat 
porosity due to imperfect splat compaction, from coating sprayed at 120 mm, 300 b)(BSE image) nano-porosity due 
to oxidation products in the Co-rich binder phase, from coating sprayed at 240 mm ,300. 
 
Evaluating the porosity results and considering (i) the residual stress results (section 4.5) and (ii) 
closer examination of the microstructure via SEM, the mild effect of spray angle in porosity of 
coatings sprayed at 120 mm can be explained by the lasting significant peening effect of the 
impinging particles, even at extreme spray angle of 300 (Fig.4.9). The low temperature and high 
impact velocity of the particles impinging at 120 mm allows for effective suppression of existing 
porosity in the powder particles (section 5.4) and good intersplat bonding. That being said, there 
is some increase in the porosity at short distances and extreme oblique spray angles originating 
predominantly from imperfect splat compliance, depicted in Fig.4.18a. It appears that the high 
yield strength of the impinging particles, associated with short spray distances, is critical for the 
suppression of porosity under oblique deposition. Essentially, at short spray distances, spray angle 
acts as a binary discriminator between particles with adequate and not adequate kinetic energy to 
form a splat. The highly energetic particles will build up a dense coating and the not so energetic 
ones, will rebound imparting some peening stresses to the previously coated material [32] and/or 
eroding it, in weaker sites, suppressing the formation of pores in both cases. On the other hand 
when impinging particles are able to deform easily (being molten or adequately thermally 
softened), the shadowing porosity, as described by Davis [6] becomes relevant. In such cases the 
oblique deposition yields augmented concealing of the spray line-of-sight, in certain regions, 
caused by local surface protrusions of the already deposited coating. This effect might explain the 
violent increase in porosity from 450 to 300 at 138 and 179 mm of spray distance (Fig.4.17). The 
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increased spray distance (compared to the 120 mm) could potentially soften the impinging particles 
so that such a shadowing mechanism occur at 300, whilst not being possible at 120 mm and 300.  
While the shadowing porosity mechanism might be true for the 240 mm spray distance as well, its 
effect is not so profound because, at that case, porosity is elevated at all spray angles. This is a 
result of the consistent low peening stresses at all spray angles (Fig.4.9, 240 mm) which enables 
the effective transfer of particle porosity and the insignificant role of the normal component of 
velocity to successful deposition of the impinging particles, relative to shorter spray distances. That 
explains the little influence of the spray angle at long spray distances, seen in Fig.4.17a. 
Considering the square, black points in Fig.4.17a, the combined influence of spray distance, spray 
angle and gun traverse speed is demonstrated by the coatings from the rotating-plane experiment. 
It is seen that the values of porosity coming from the rotating-plane experiment extend within the 
range set by the linear experiments, which suggest that the gun traverse speed does not have a 
significant effect. Only in the case of coating S5 porosity appears to be slightly above the rest of 
the coatings, in terms of porosity, but looking at table 4.4, at the results of traverse speed influence, 
there is no evidence that higher gun traverse speeds yield higher porosity in the microstructure. 
 
4.7 Microhardness of the Coatings 
 
The nature of the microhardness test is such that it is a function of microstructural characteristics 
such as porosity, WC fraction and distribution, as well as residual stresses and phase composition 
of the coating. For these reasons, it is a highly informative test and is one of the most established 
quality control steps of hardmetal coating in the industrial context. The microhardness results were 
averaged out of ten measurements for each coating. Table 4.6 and Fig.4.19 show the microhardness 
measurements of the rotating-plane (black square points) and linear experiments. The coatings 
sprayed at 120 and 138 mm present virtually identical behaviour, regarding the effect that spray 
angle has on their microhardness. 
 
 
 
 Chapter 4. Deposition Rate, Porosity, Residual Stresses and Microhardness  
 
125 
 
Table 4.6 Microhardness measurements for all the examined coatings.  
Microhardness (HV) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 1365±30 1337±36 1260±28 1210 ±30 1108±26 
138 mm 1323±48 1321±24 1254±23 1182±27 1105±29 
170 mm 1176±45 1204±30 1180±28 1123±31 1068±33 
240 mm 795±40 889±39 891±26 893±30 921±29 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
1365±30 1339±19 1308±30 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
1339±40 1320±34 1276±30 1064±23 775±47 
 
 
Specifically, at 120 mm and 900 the coating was measured to have 1365 HV0.3 which was reduced 
to 1108 HV0.3 at 300 of spray angle, yielding a 19% reduction. The coating sprayed at 138 mm 
presented a 16% reduction in microhardness along the same range of spray angles (1323 HV0.3 at 
900 to 1105 HV0.3 at 300). Although the decline in microhardness for the short distances (120 and 
138 mm) is continuous (i.e. from 900 to 300); it is notable that the decline becomes more aggressive 
as the spray angles get more oblique. Looking at the coatings sprayed at 170 mm, the first 
observation is that coatings sprayed at all the examined angles show significantly reduced 
microhardness values, compared with the respective coatings that are sprayed at 120 and 138 mm. 
In addition, the trend that is seen earlier in short spray distances is distorted with the coating sprayed 
at 750 appearing to have slightly improved microhardness than the one sprayed at 900. For the 
angles from 750 to 300 the decline continues as expected, with increasing aggression, yet the overall 
effect of spray angle is notably dampened yielding only 9% reduction from 900 to 300. Finally, at 
240 mm of spray distance coatings are significantly less hard at all spray angles and follow an 
opposite trend from what is seen at shorter spray distances. Overall, coatings sprayed at 240 mm 
show improvement in the microhardness as the spray angle gets more oblique. From 795 HV0.3 at 
900, microhardness is elevated to 921 HV0.3 at 300, an increase of 16%. Moreover, this improvement 
appears to occur largely from 900 to 750, showing an 11% gain. Considering the measurements 
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scatter, the level of microhardness from 750 to 300 can be characterized mostly stable, with a slight 
positive trend.  
Generally, it is accepted that for HVOF there is a negative correlation between microhardness and 
decreasing spray angle due to the associated velocity vector losses [10,11]. This rationale explains 
very well what is seen at the distances of 120, 138 and 170 mm (Fig.4.19). However, the behaviour 
of microhardness that is seen for the coatings sprayed at 240 mm contradicts this expectation 
showing improvement with oblique spray angles. Even though this behaviour is not reported in the 
literature for HVOF coatings, it is particularly interesting that Tillmann et al. [8] reports that 
microhardness is not affected by spray angle examining APS sprayed WC-12Co and Cr3C2-
10(Ni20Cr) coatings. As discussed more extensively in Chapter 2.5.1, even though it is not 
directly acknowledged in the discussion of [8], the APS WC-Co coating presents a notable increase 
in microhardness at 700 of spray angle, resembling the results of coatings sprayed at 240 mm (and 
at 170 mm to a lesser extent) in this work. This similarity is interesting because (i) it confirms the 
counter intuitive behaviour of microhardness for coatings sprayed at 240 mm (and at 170 mm to a 
lesser extent) and (ii) it suggests that, whatever is the reason behind this, it must stem from a 
phenomenon occurring both at atmospheric plasma spray and HVOF at very long distances. 
Following that rationale, and considering the fine particle size that is used in this work, it is revealed 
that the relatively high particle temperatures and lower velocity, at impact, enable the beneficial 
role of slight oblique spray inclination to the microhardness. This unexpected behaviour of 
microhardness with spray angle at long distances, will be revisited later in section 5.3.2, where the 
microstructural reasons behind this phenomenon will be further discussed. In addition to any 
changes in the microstructure, the phase composition of the coatings may as well result in a false 
higher microhardness reading, as discussed in section 2.3.5.3. Specifically, solid solution phases 
such as M6C or M12C or the semicarbide (W2C) are harder than Co but brittle, thus not indicative 
of the coating’s quality. Such phases are mostly expected in the longest spray distances and their 
presence in the microstructure has been found to be positively correlated with oblique spray angles 
(section 5.7). Thus, they are a possible explanation for the apparent increase in microhardness with 
oblique spray angles that is seen at coatings sprayed at 240 mm (Fig.4.19). 
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Figure 4.19 influence of spray angle to microhardness. 
 
 Examining the microhardness results from the rotating-plane experiment (black square data) in 
Fig.4.19, it is clear that the decline from S1 to S5 is notably more significant than the linear 
experiments, which are discussed above. Specifically, form 1339 HV0.3 at S1, to 775 HV0.3 at S5, 
the reduction in microhardness is of 42%. Furthermore, the behaviour of the rotating-plane 
experiment in terms of microhardness bears an interesting resemblance with the respective 
behaviour in terms of deposition rate, seen at Fig.4.6. In both cases (microhardness and deposition 
rate), the performance of the coatings from the rotating-plane experiment are within the range of 
the linear experiments (that aim in replicating the spray distance and angle conditions) until 600 of 
spray angle (i.e. S3). At 450 and 300, the decline trend is highly intensified in the coatings 
originating from the rotating-plane experiment, suggesting that the effect of gun traverse speed 
starts contributing significantly in the determination of both microhardness and deposition rate. 
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Figure 4.20 Isolated effect of the gun traverse speed to the microhardness of coatings. 
 
In order to probe into the role of gun traverse speed to microhardness, a closer look at Fig.4.20 is 
demanded, where its isolated effect is presented. Considering the measurement scatter, it can be 
said that there is indeed a negative correlation between coating microhardness and increasing gun 
traverse speed. However, the decline of microhardness in Fig.4.20 is mild and therefore cannot 
explain the rapid decline seen in the rotating-plane experiment (S4 and S5, black square data points 
at 450 and 300) seen in Fig.4.19.  
The gun traverse speed cannot have any effect on the state of particle at impact (temperature and 
velocity) since it does not dictate the stand-off distance and is three orders of magnitude lower than 
the average particle velocity at impact (as indicated by Spray watch in table 4.1) so it cannot 
influence the velocity vectors meaningfully. However, it does dictate the heat and mass transfer to 
the substrate (or pre-deposited layer of coating) via the effective dwell time of the hot HVOF jet 
over the coated surface. As discussed in section 4.5, higher gun traverse speeds will ultimately lead 
to less compressive level of residual stress in the coatings due to the associated reduction of the 
cooling stresses. However, according to Fig.4.10, this effect is expected to be demonstrated only 
between 670 and 2010 mm/s. Thus, there must be another mechanism involved in the mild 
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reduction of microhardness seen from 502 to 670 mm/s. A possible explanation is offered in section 
5.5.2, where the oxygen concentration in the microstructure is found to be proportional to the gun 
traverse speed in the form of WO3 and CoWO4. The elevated fraction of these oxides might provide 
an easier path for crack propagation which might be reflected in the lower microhardness reading.  
In addition to the above, the very sharp decrease seen in Fig.4.19 (black square data points) is also 
attributed to the notably thinner coatings that emerge from the respective kinematic conditions of 
the S4 (147 μm) and S5 (71 μm), from the rotating experiment. The thin coatings, combined with 
brittle binder phase (as expected in S4 and S5) may result in insufficient support from the coating 
locally to the indentation site and consequently yield significantly larger imprint of the Vickers 
diamond, which is interpreted as lower microhardness value. 
 
4.8 Summary  
 
• In-situ measurements of the powder temperature and velocity showed that the mean particle 
temperature exceeds the melting point of metallic Co only at the 240 mm of spray distance, 
while particle velocity is gradually reduced from 120 to 240 mm of spray distance. 
• Deposition rate was positively affected by increasing spray distances due to the thermal 
softening of the impinging particles. Largely, this was true for all spray angles. 
• Deposition rate was correlated negatively with oblique spray angles due to the associated 
increased particle rebounding, stemming from the reduction of the normal component of 
the impinging particle velocity.   
• An unexpected notable rise in deposition rate from 900 to 750 was seen only for the coatings 
that were sprayed at 240 mm. The same is observed in relevant literature but it is attributed 
to the tilting of the spray configuration. This justification however is proven false, since in 
this work it occurs only in coatings sprayed at 240 mm and not it the rest. The fact that this 
phenomenon is reported only in studies featuring plasma spray or HVOF sprayed fine 
powders suggests that it is related with the increased particle temperature upon 
impingement. 
• Deposition rate is found to be reduced hyperbolically with increasing gun traverse speed. 
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• The residual stresses were compressive in all the examined coatings. 
• The level of residual stress was found to be affected primarily by spray distance, where 
longer distances resulted to reduced peening stresses due to the thermal softening and lower 
overall velocity of the impinging particles.  
• Gun traverse speed showed a non-linear effect to the level of residual stress with both slow 
and fast speeds resulting to a reduction in the compressive residual stresses, the former via 
relaxation due to overheating of the coating and the latter by the associated reduction in the 
compressive cooling stresses component. 
• Porosity (>0.5 μm) levels were below 1% in all coatings. 
• Only coatings sprayed at 138 and 170 mm of spray distance and only after 450 of spray 
angle and showed significant change in porosity with oblique spray angles, associated with 
the shadowing mechanism and the diminishing normal component of velocity.  
• Porosity in coatings sprayed at 120 and 240 mm did not present a significant correlation 
with spray angles.  
• The gun traverse speed did not appear to affect the porosity in the microstructure. 
• There are two sources of porosity identified in the microstructure: 
o Imperfect compaction of adjacent splats/transfer of powder porosity. 
o Reaction gaseous products of diffused carbon and oxygen in the binder. 
• Both oblique angles and increased spray distances appear to negatively affect 
microhardness but the effect of spray angle becomes gradually less important, as the spray 
distance is elongated, owing to the thermal softening of impinging particles.  
• The role of oblique spray angles in determining microhardness involves the normal velocity 
component reduction, which yields less compressive residual stresses and porosity in the 
microstructure. 
• The role of longer spray distance in determining microhardness lies in the thermal softening 
of the impinging particles and thermal dissolution of WC on Co. 
• In coatings sprayed at 240 mm of spray distance, microhardness present the opposite 
behaviour with oblique spray angles, increasing in value as the spray angles get more 
oblique. This is attributed to two factors: 
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o The improvement of WC distribution in the microstructure (mostly evident at small 
oblique spray angles, i.e. 750). 
o The increasing fraction of nanocrystalized binder, saturated with hard but brittle 
phases such as W2C and η-phases M6C (e.g. Co3W3C) or M12C (Co6W6C), which is 
mainly responsible for the rise in microhardness from 600 to 300. 
• Gun traverse speed appeared to have a mild negative but not meaningful effect on 
microhardness. 
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CHAPTER 5  Microstructure, Phase Composition and Decarburization  
 
5.1 Introduction 
 
In this chapter, an extensive analysis of the microstructure and phase composition of the coatings 
takes place. The binder mean free path measurements and observations on the distribution of WC 
grains in the microstructure elucidate the role of slightly oblique spray angles, at long spray 
distances, to microhardness which was reported in Chapter 4. The carbide rebounding at oblique 
angles and the interplay with the spray distance are evaluated. The presence of oxygen and the 
other constitutive elements is discussed and the interplay of spray distance and spray angle in the 
final phase proportions in the microstructure is studied. Finally, sectioning studies with the FIB-
SEM enable the study and discussion of the three-dimensional morphological features of the 
decomposition products are with respect to the established decarburization mechanisms. 
 
5.2 Volume Fraction of WC in the Coating. 
In determining the volume fraction of the carbides in the coatings, five SEM images from the 
backscatter detector (BSE) were considered for each coating, based on the principle that the volume 
fraction of a dispersed phase is equal to the area fraction of that phase on a polished cross section. 
The validity of this principle depends on the attainment of a random sample area and not on the 
size, shape or distribution of the particles that constitute the phase [140]. Considering the (i) 
absence of a high aspect ratio of the WC grains in the powder that would render their orientation 
in the coating significant and (ii) the random and complex manner in which the coating formation 
occurs (which would inhibit such a biased orientation of a second phase to occur), the area analysis 
from the same family (parallel or single) cross sectional planes can be assumed to capture a random 
sample of the microstructure. The images (magnification: x2000) were captured with a very low 
brightness and high contrast in order to exclude any feature, besides WC grains. Images from all 
the examined coatings, before and after analysis, are presented from Fig.5.1 to 5.6.  
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Figure 5.1 Isolation of carbide grains in coatings sprayed at 120 mm, at all examined spray angles, left column: low 
brightness/high contrast SEM BSE images, right column: respective image after processing. 
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Figure 5.2 Isolation of carbide grains in coatings sprayed at 138 mm, at all examined spray angles, left column: low 
brightness/high contrast SEM BSE images, right column: respective image after processing. 
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Figure 5.3 Isolation of carbide grains in coatings sprayed at 170 mm, at all examined spray angles, left column: low 
brightness/high contrast SEM BSE images, right column: respective image after processing. 
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Figure 5.4 Isolation of carbide grains in coatings sprayed at 240 mm, at all examined spray angles, left column: low 
brightness/high contrast SEM BSE images, right column: respective image after processing. 
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Figure 5.5 Isolation of carbide grains in coatings from the rotating-plane experiment, left column: low brightness/high 
contrast SEM BSE images, right column: respective image after processing. 
 Chapter 5. Microstructure, Phase Composition and Decarburization 
 
138 
 
 
Figure 5.6 Isolation of carbide grains in coatings sprayed at 120 mm and at 900, at the traverse speeds of 502, 670 
and 2010 mm/s, left column: low brightness/high contrast SEM BSE images, right column: respective image after 
processing. 
 
According to [119], the powder used in this work consist of WC at 83 wt% and the balance of 
cobalt. The density of WC and Co at room temperature are 15.63 g/cm3 and 8.9 g/cm3 respectively 
[141]. Therefore, disregarding any porosity found it the powder, the bulk density of WC-Co 
(16.) at this composition (83 wt% WC) would be: 
 
16. = 3 =
3
 =
3
 


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∗)((#. ∗∗)
∗
=
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N
#.!

#. 

   (5.1) 
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Which gives a 16. of 13.85 g/cm3. 
Thus: 
              =  


= 3∗ 3∗ =  0.83 

   (5.2) 
 
The conversion of wt% to Vol% yields 74 Vol% of WC. Theoretically, assuming zero losses of 
WC during coating deposition, the Vol% WC of the coating should match the calculated Vol% WC 
of the starting powder. Table 5.1 present the WC Vol.% measurements from all coatings and 
Fig.5.7 displays the measurements in a graph for easier comparison among the coatings.  
 
Table 5.1 WC Vol.% measurements for all the examined coatings.  
WC Vol.% 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 51.9±2 49±2.2 46.1±2.3 43.9±1.8 32±1.5 
138 mm 49.1±2.5 51.3±1.5 46.1±1 39.1±1 37±1.7 
170 mm 49.3±2.1 50±1 46.3±1 41.4±3.7 38.3±3.4 
240 mm 48.4±2.9 49.8±1.5 47.6±1.6 39.7±0.5 38.7±1.8 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
51.9±2 49±1.7 50.9±1 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
48.9±0.67 47.9±1 41.3±1 36±1.3 33.1 ±0.45 
 
 
The calculated Vol% of WC of the starting powder is represented by the dash line in Fig.5.7, where 
the evolution WC Vol% of the coatings microstructure with changing spray angle and spray 
distance is presented. Generally, the reduction of WC Vol% with oblique spray angles seems to be 
the trend for all spray distances, which is expected due to the associated WC rebounding. The effect 
of stand-off distance to WC Vol% is not clear, with the longer spray distances showing lower WC 
Vol. % in general. Notably,  in the cases of 900 and 300 of spray angle, the shortest stand-off 
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distance (120 mm) appears have the highest and lowest level of WC Vol% respectively. The WC 
Vol% in the coatings sprayed at the short stand-off distance of 120 mm seems to be more acutely 
affected by oblique spray angles than coatings sprayed at longer distances. At 900 of spray angle, 
the coating sprayed at 120 mm presents 52 Vol.% WC, which is the optimum case. Similar levels 
of WC Vol.% have been reported in [24,49]. A mild reduction in WC Vol% is seen until the spray 
angle 450 (44% of WC Vol.%). Following that, at 300, the WC Vol% declines severely (32% of 
WC Vol.%). The corresponding reductions of WC Vol% that are seen in the coatings sprayed at 
longer distances are progressively milder in nature showing decreases of 24%, 22% and 20% in 
WC Vol% from 900 to 300 at spray distances of 138 mm, 170 mm and 240 mm respectively. Beyond 
that, the abrupt behaviour of WC Vol% that is observed for the coatings sprayed at 120 mm from 
450 to 300 of spray angle is not seen for the other stand-off distances. Moreover, coatings sprayed 
at 138 mm, 170 mm and 240 mm present a slight improvement in WC Vol% from 900 to 750, while 
the ones sprayed at 120 mm are reduced at the same angular range. It is clear that there is notable 
interplay of the spray distance and spray angle in respect of WC Vol%.  
Changes in the WC Vol% can be attributed to preferential rebounding of WC grains that is 
enhanced with oblique spray angles. As seen in Fig.4.2, on one hand, the reduction of the normal 
component of particle velocity prior impingement results in reduced kinetic energy that can be 
employed to particle deformation and splat formation, at the same time, the corresponding increase 
of the tangential component of particle velocity, contributes to the increase of tangential 
momentum that encourages rebounding. Of course, particles that arrive colder (and solid) to the 
target surface are most prone to rebound along the lines of the mechanism described above, owing 
to the higher levels of kinetic energy they require for deformation of their binder versus hotter 
particles. This limits the number of impinging particles that are adequately energetic to be 
deposited.   
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Figure 5.7 Influence of spray angle and spray distance to the Vol.% of WC.  
 
Regarding the coatings from the rotating-plane experiment, the WC Vol.% remains mostly 
unchanged from 900 to 750 and then it decreases steadily until 300. The value of WC Vol.% of the 
coatings from the rotating-plane experiment appear to be around 5% lower to their corresponding 
linear experiments for all the spray angles, except 900. However, looking at Fig.5.6, table 5.1, the 
isolated effect of gun traverse speed to WC Vol.% is nonexistent. 
 
5.3 Mean Free Path of the Co-rich Binder 
 
Complementary to the WC Vol.%, the mean free path measurements of the binder phase is an 
important indicator of the homogeneity in the distribution of the carbide phase in the 
microstructure. As discussed in Chapter 2.3.5.7, the good distribution of the WC phases and short 
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mean free path of the binder is closely related with improved coating quality and tribological 
durability. A selection of the images that were considered for the WC Vol.% measurements, were 
further analyzed to derive the binder mean free path. The calculation was executed following eq.5.3 
[140]: 
@ = (N2)    (5.3) 
where @ is the binder mean free path, ] is the carbide volume fraction and O is the number of non-
continuous WC grains intersected on a metallographic plane per unit length by a random line on 
that plane. For the SEM image that was considered for each coating, twenty lines (length of 20 μm) 
with random orientation were used for the calculation of eq.5.3. The random orientation of the lines 
intersecting the WC grains was chosen in order to avoid any directional bias that could be caused 
by WC grains with high aspect ratio. Table 5.2 presents the binder mean free path measurements 
for all the examined coatings and Fig.5.8 displays the results in a plot versus the spray angle. 
 
Table 5.2 Binder mean free path measurements for all the examined coatings.  
Binder mean free path (nm) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 511±34 594±49 667±39 634±41 1037±89 
138 mm 551±38 619±67 728±61 765±56 1060±103 
170 mm 658±55 586±47 813±75 912±100 1044±127 
240 mm 892±155 702±64 814±71 824±61 883±85 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
511±39 566±46 561±35 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
583±53 639±78 787±67 860±80 1121 ±129 
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Figure 5.8 Influence of spray angle and spray distance to the mean free path of the binder phase.  
 
Considering eq.5.3, it is expected that the mean free path trends will be reciprocal to the trends of 
WC Vol.%. On that basis, a good negative correlation between carbide volume fraction (Fig.5.7) 
and binder mean free path (Fig.5.8) is an indicator of a low variation in the distribution of WC in 
the microstructure of the coatings. In other words, any change of the mean free path can be 
attributed to respective changes in the WC Vol.%. Conversely, a bad correlation between WC 
Vol.% and binder mean free path means that there is significant changes in the distribution of WC 
that dictates the mean free path measurement.  
The coatings from the linear experiments sprayed at 120 mm and 900 presented the lowest value 
for the binder mean free path (511±34 nm), which was expected as these conditions are considered 
the optimum. Moreover, this value is in good agreement with relevant literature in HVOF and 
HVAF [38,49,95]. Concerning the isolated effect of gun traverse speed, the measurements in table 
5.2 do not suggest any meaningful influence. 
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Starting from the short spray distances (120 and 138 mm) (Fig.5.8), the behaviour of binder mean 
seems to reflect the respective evolution of WC Vol.%. With increasingly oblique spray angle, the 
mean free path values are increased at a steady rate until 450 (20-30% increase from 900 to 450), 
where the increase becomes notably more steep (45-50% from 450 to 300). As discussed above, 
this suggests that the evolution of binder mean free path can be mostly attributed to corresponding 
changes in WC Vol.% at short distances. 
Regarding the longer spray distances of 170 and 240 mm, the binder mean free path is generally 
higher at angles close to 900 but it appears to get lower (compared with the short SoDs examined), 
when the spray angle approaches 300. It is evident that, at long spray distances, there is a significant 
interplay between spray angle and spray distance, which differentiates the behaviour of the coatings 
sprayed at 170 and 240 mm from 120, 138 mm in Fig.5.8. This interplay between spray distance 
and spray angle and can be best described by examining what is happening at two stages: (i) from 
900 to 750 and (ii) from 750 to 300 of spray angle. The next two sub-chapters aim to address these 
two stages individually. 
Concerning the effect of spray distance at spray angles close to normal, it is seen that the mean free 
path of the binder is notable higher, as the spray distance gets longer. This is explained by the 
extended in-flight thermal dissolution and the different state of particle impact that occurs at longer 
distances.  Specifically, the augmented heat exchange that is allowed at long spray distances heats 
up a larger fraction of the particles to temperatures over the melting temperature of the Co binder 
(1770 K, section 4.2). As a result, a significant portion of the impinging particles (with respect to 
their size distribution) will impact as a two-phase state (solid WC and liquid binder). When this 
occurs larger WC grains are prone to exposing from the surrounding binder and removed by the 
strong plume currents, this was shown experimentally and a critical ration of splat thickness-to-
WC diameter was calculated by [53]. 
 
5.3.1 The Effect of Small Angle Inclinations to the WC Distribution at Long Spray Distances 
 
According to Fig.5.8, the mean free path values from the coatings sprayed at 170 and 240 mm is 
initially decreased (900 to 750), before starting to increase again with more oblique spray angles 
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(750-300). This behaviour can be justified due to (i) the slightly higher WC Vol.% at 750 of spray 
angle (seen in table 5.1) and (ii) the significant improvement in the distribution of carbide grains 
occurring at 750 of spray angle (Fig.5.9). The backscatter detector can discriminate between 
materials with mean atomic number due to their variable ability to scatter elastically incoming 
electrons. In that way, brighter areas correspond to elements with higher mean atomic number and 
darker areas to elements with lower one. The images presented in Fig.5.9 are captured deliberately 
with high contrast and as such, the dark areas correspond to pure cobalt. It is seen that at 900 of 
spray angle, coatings sprayed at long distances contain large WC-free region (sites of binder that 
is completely depleted of any carbide reinforcement, indicated as Co-lake in Fig.5.9) in their 
microstructure. This has major implications, not only in the mean free path measurements but also 
in the mechanical qualities of the coatings (microhardness, tribological properties) which will be 
examined in Chapter 6. It is most interesting that these Co-lakes largely disappear when the spray 
angle is tilted to 750 (Fig.5.9).  
 
Figure 5.9  SEM-BSE images of coatings sprayed at 240 mm at a) 900, b) 750 and at 170 mm at c) 900, d) 750 
showcasing Co-rich lakes, free from WC support.  
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It appears that the small spray angle inclination, at long spray distances yields a particular particle 
impingement condition where the (i) the normal component of velocity is not compromised 
severely (lower than 10% reduction) and the respective, small tangential velocity component is 
adequate to improve significantly the mixing of WC grains during the splat formation. Meanwhile 
the long spray distance, ensures that the particles impinge at a softened/liquid phase which 
discourages the rebounding of WC and enables the high degree of plastic deformation upon impact. 
More detailed discussion on the reasons behind the improved WC distribution that occurs from 750 
onwards, will be thoroughly discussed in section 5.4. Nevertheless, the microstructural 
improvement that occurs at 750, at long spray distances does not provide a clear explanation for the 
notable improvement in the deposition rate at the same conditions (900 to750) seen in Fig.4.6. 
Although it is probable that the two phenomena are related and are governed by the state of particle 
impact and possibly the different gas flow scattering dynamics occurring at 900 versus 750 of spray 
angle, the exact mechanism that is responsible for the improvement in the deposition rate in slightly 
oblique angles remains obscured. Further experimental study is required to further probe into this.  
 
5.3.2 The Role of Long Spray Distances to the WC Retention, at Very Oblique Spray Angles 
 
Considering the binder mean free path of the coatings (Fig.5.8), the other way in which the 
behaviour of long spray distances differs from that of shorter ones is at the angular range of 600 to 
300. Specifically, at that angular range, a gradual stabilization of mean free path is seen for coatings 
sprayed at 170 and 240 mm, versus the aggressive increase (of mean free path) that occurs for 
coatings sprayed at 120 and 138 mm (table 5.3).  At 120 mm of spray distance, the mean free path 
is increased 55% from 600 to 300, while at 240 mm, at the same angular range the increase is only 
8%. 
The main component of the aggressive escalation of the mean free path measurements occurs at 
the range of 450 to 300, where at 120 mm the change is at 64% and at 240 mm, only 7% (table 5.3). 
Furthermore, it is seen that the binder mean free path remains relatively stable at the angular range 
of 600 to 450, at all the spray distances. This indicates that the mechanism that is responsible for 
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the aggressive growth of the binder mean free path at short spray distances is activated 
predominantly after 450 of spray angle.  
 
Table 5.3 Percent change in binder mean free path measurements for angular range from 600 to 300. 
Change in the binder mean free path measurement  
Stand-off distance  Angular range 600→300 600→450 450→300 
120 mm 55% -5% 64% 
138 mm 45% 5% 39% 
170 mm 28% 12% 14% 
240 mm 8% 1% 7% 
  
In order to probe further into the mechanism behind the different behaviour of the binder mean free 
path measurements at very oblique spray angles of short versus long spray distances, a particle size 
filter was applied to all the images that were processed for the Vol.% measurements, to discriminate 
between WC grains of different sizes. Figure 5.10 shows the average number WC larger than 4 
μm2 grains found in an area of 2700 μm2 (size of the images), for all the images used for Fig.5.8.  
Looking at Fig.5.10, with respect to the measurement scatter, coatings sprayed at 120 and 138 mm 
present a continuous decline in the number of WC > 4 μm2, from 900 to 300. Conversely, coatings 
sprayed at 170 and 240 mm show an increase in the numbers of large WC grains from 900 to 750, 
before they start to decline, in more oblique spray angles. The initial lower number of large WC 
grains in coatings sprayed at long distances (versus short distances) is attributed to two reasons: (i) 
the large WC exposing and removal mechanism that occurs in two-phase particle impacts [53] and 
(ii) the decarburization that occurs in the extended flight stage of the particles may shrink some 
larger WC grains into smaller ones via thermal dissolution, thus not satisfying the criterion of 4 
μm2 and thus not considered in Fig.5.10. Moreover, there is no evidence that the mechanism of 
large WC exposing described by [53]  is not relevant at 750, thus the increase of large WC 
(Fig.5.10) must be due to the better distribution of WC and elimination of Co lakes, leading to 
larger number of WC>4 μm2 being visible in an unit area of the cross section of the coatings. 
The other important observation from Fig.5.10 (and more relevant to this section) is the drop that 
is seen from 450 to 300, at 120 mm. This is notably more aggressive than all the other spray 
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distances indicating an elimination of all the large WC grains in the coating. Fig.5.11 presents the 
microstructural evolution of coatings sprayed at 120 mm, at 900, 450 and 300 of spray angle. The 
diminishing of large WC grains from 450 to 300 is evident. However, this does not seem to be the 
case for the long spray distances of 170 mm (Fig.5.12) and 240 mm (Fig.5.13), looking at the same 
angular range of 450 to 300. Furthermore, Fig.5.13 a and b  display, once more, the beneficial 
effect of small oblique spray angles to the distribution of WC, discussed in section 5.3.1. 
 
Figure 5.10 Influence of spray angle and spray distance to the number of WC grains over 4 μm2 in size.  
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Figure 5.11 Influence of spray angle in the microstructure of coatings sprayed at 120 mm.  
 
 
Figure 5.12 Influence of spray angle in the microstructure of coatings sprayed at 170 mm.  
 
  
Figure 5.13 Influence of spray angle in the microstructure of coatings sprayed at 240 mm.  
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Based on the observations above, it is revealed that: (i) short spray distances are more sensitive to 
changes in the distribution and Vol.% of WC, as a consequence of variable spray angle than long 
spray distances, (ii) there is almost complete depletion of large WC grains from the microstructure 
at extreme oblique spray angles, at short distances, (iii) there is limited but notable loss of large 
WC grains at long spray distances, due to exposing and removal occurring at two-phase particle 
impacts, however this is mainly evident at 900, (iv) there is clear improvement in the WC grain 
distribution and mixing at small spray angle inclinations, at long spray distances.  
 
5.4 WC Rebounding Mechanism at Short and Long Spray Distances 
 
As seen above, the microstructure of coatings is a function of spray angle and spray distance with 
important interplays. In addition, morphological features of the starting powder are also an 
important factor that dictates the in-flight thermal and acceleration dynamics, as well as the final 
WC distribution in the coating. It can be seen in Fig.5.14 that a significant fraction of the WC 
grains in the starting powder is aggregated in clusters with very high ratio of WC to Co. Also, 
notable porosity is evident in the powder particles.  
 
Figure 5.14 SEM BSE image of the starting WC-Co powder, featuring a detail showing the WC-cluster morphology. 
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Fig.5.11 revealed that such WC-clusters survive in the microstructure of coatings and, more 
importantly, that they progressively get depleted as the spray angle gets oblique. In addition, the 
lower temperature particles impinging at 120 mm result in visible splat boundaries which makes it 
possible to track them with the vertical markers seen in Fig.5.11. Expectedly the splat thickness is 
drastically reduced with oblique spray angles, which is attributed to the preferential rebounding 
certain parts of the powder particle versus others. When the impingement occurs in an oblique 
angle, the large WC and WC-clusters in the powder particles will rebound preferentially and the 
softer Co binder will be able to deform and form a splat with smaller WC engulfed in it. The high 
levels of porosity in the powder particles facilitate greatly the partition and rebounding of WC-
clusters and large WC in inclined deposition. This is expected since the only thing that holds 
together the dense WC-clusters in the powder particle is narrow “bridges” of Co (Fig.5.14).  These 
“bridges” are expected to be too weak to counter the tangential momentum of the WC-clusters and 
larger WC under oblique deposition. This mechanism offers a satisfactory explanation for the 
drastic decrease in large WC and WC–clusters that occurs (most notably) for angles lower than 
450, at short stand-off distances.  
As the spray distance gets longer, the impinging particles arrive hotter and with lower total velocity 
at the target substrate. This has two effects that are relevant to the discussion in this section: (i) the 
concealed Co binder that holds together the WC-clusters (Fig.5.14) is more liked to be adequately 
softened, causing the WC-cluster to self-disengage upon impact and form part of the coating; and 
(ii) the lower overall particle velocity will result in less tangential momentum at extreme spray 
angles which, in turn, will suppress WC rebounding. The lower overall particle velocity is not 
expected to affect negatively the ability of particles to deform and form coating since at adequately 
elevated temperatures the criterion of plastic deformation is aggressively lowered, as seen in 
section 4.4. However, another mechanism of WC loss becomes increasingly relevant as the spray 
distance is elongated and the particle temperature is increased, that is the mechanism of large WC 
exposing and removal [53]. Fig.5.15 depicts schematically the different mechanisms of WC loss 
at oblique depositions and variable spray distances that is discussed above. The fact that, at short 
spray distances (Fig.5.15a) there is a fraction of the Co binder removed, along with the rebounding 
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WC-cluster, explains the higher sensitivity of the deposition rate to oblique spray angles, seen in 
section 4.4. 
 
Figure 5.15 Mechanism of preferential WC rebounding at oblique spray angles, a) short spray distances 
(rebounding of WC-clusters) and b) rebounding of large WC only, according to [53]. 
 
5.4.1 Splat Interfaces at Short and Long Spray Distances 
 
The fundamentally different conditions of particle impact also affect the nature of the intersplat 
conformity in the coating. As noted above, the splat boundaries in coatings that are sprayed at short 
spray distances are markedly more visible than in longer spray distances (Fig.5.11 vs Fig.5.13). 
The difference is obvious in Fig.5.16 where isolated sites of splat boundaries are presented for 
coatings sprayed at 300 for 120 and 240 mm of spray distance. The apparent dissimilarity between 
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splat interfaces at short and long spay distances is, again, a consequence of the plasticity of the 
impinging particles. Brief in-flight durations (short spray distances) yield solid-to-solid collisions, 
which rely in plastic deformation and mechanical anchoring to archive good intersplat cohesion 
(Fig.5.16a). Conversely, longer dwell time in the HVOF jet results in significant fraction of the 
impinging particles to impinge in a liquid-to-solid manner, which is reflected in the highly curved, 
near-perfect interfacial compliance between splats (Fig.5.16b).  
Although it might appear that the coating in Fig.5.16b has a preferred microstructure than the one 
in Fig.5.16a, that is not true for the following reasons: (i) as discussed in section 4.5, solid-to-solid 
collisions are much more efficient in successful transferring compressive residual stresses in the 
coating than collisions with molten or partially molten particles, (ii) the higher levels of brightness 
in the binder phase in Fig.5.16b is an indicator of variables degrees of tungsten dissolution it (BSE 
image). That is an indicator of thermal dissolution that occurred in the extended duration in-flight 
and in turn, of the embrittlement of the resulting microstructure [2]. Thus, coatings sprayed at long 
distances may appear to have better intersplat conformity but this should not be interpreted as a 
sign of superior mechanical properties since the lack of compressive residual stress and the more 
brittle binder phase will ultimately facilitate and promote the initiation and propagation of cracks, 
which is experimentally confirmed in Chapter 6. Another feature that is worth noting in Fig.5.16 
is the enhanced ability of the coating sprayed at 240 mm to retain WC-clusters and larger WC 
grains (versus the coating sprayed at 120 mm), as discussed in section 5.4.  
 
Figure 5.16 SEM BSE images focusing on a splat interface in coatings sprayed at 300, at a) 120 mm and b) 240 mm 
of spray distance. 
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5.5 Statistical EDS Analysis 
 
Every site that was captured with the SEM for the needs of the microstructural studies that were 
discussed above, was also examined via energy dispersive spectroscopy (EDS). The whole area of 
approximately 2700 μm2 was included in the EDS measurement. This method yielded five 
measurements for each of the examined coatings. An example of the measurement can be seen in 
Fig.5.17. 
 
 
Figure 5.17 Area-EDS measurement example, original site from coating sprayed at 120 mm and 900. 
 
The area scan EDS measurements are capable to identify and quantify the different elements in the 
coating as a fraction. However the reliability of EDS in detecting accurately light elements is 
questionable. Moreover, carbon contamination of the internal walls of the vacuum chamber is 
highly possible due to previously examined organic specimens in the SEM, thus carbon 
measurements were discarded. Since the EDS results are fractional, any error of the instrument in 
regards to carbon detection will propagate in the fractional accuracy of other elements. However, 
in our case, the interest is to compare the relative portions of elements among the samples, and not 
necessarily find the true fraction of each element. In that way, as long as all the samples are 
characterized in the same instrument and in a batch fashion (without intermitting characterization 
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of different organic samples that could change the levels of carbon contamination in the vacuum 
chamber), the results are reliable for internal comparison. 
 
 5.5.1 Tungsten and Cobalt mass% 
 
Table 5.4 and Fig.5.18a presents the influence of spray distance and spray angle to tungsten mass% 
and table 5.5 and Fig.5.18b the respective data and plot of cobalt mass%. These two graphs are 
complementary and indicate clearly the loss of WC grains due to rebounding that occurs 
progressively with oblique spray angles. At this point it is important to note that the only possible 
interpretation of a reduction in tungsten mass fraction made by the EDS analysis is that it is due to 
WC loss via rebounding and not decarburization. That is since EDS analysis does not discriminate 
between tungsten found in a WC grain or dissolved and mixed with the binder phase. In fact, when 
looking at a decarburized sample, the tungsten counts coming from the binder will be perceived as 
additional to the ones coming from actual WC grains and this is why, for the same spray angle, 
longer spray distances (that are expected to be more decarburized) seem to have mildly higher W 
mass% than the coatings sprayed at 120 mm at the same spray angles. However this is not true for 
the case of 240 mm of stand-off distance, since the W mass% (Fig.5.18a) appears to be lower, or 
at similar levels to the 120 mm spray distance, even though it is expected to demonstrate the most 
extensive WC thermal dissolution. This is attributed to the removal of WC via exposing at the 
instance of splat formation of molten particles [53] that occurs only in the case of 240 mm of spray 
distance.  
In general, the results in Fig.5.18 closely follow the microstructural behaviour, as discussed earlier 
with the main points being (i) improvement in WC retention from 900 to 750 at all spray distances 
except 120 mm, (ii) progressive WC loss due to rebounding with increasing spray angle for all 
spray distances and (iii) acceleration of loss of WC at 450-300 for the coatings sprayed at 120 mm 
and (iv) exposing and removal of WC at spray distances of 240 mm. As, expected from the 
microstructural study, the influence of traverse speed is insignificant (tables 5.4 and 5.5). Due to 
the close correlation between the microstructure and the EDS measurement, no new insight on the 
mechanisms that define the microstructure of coatings can be provided.  
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Table 5.4 W mass % area-EDS measurements for all the examined coatings.  
W mass % 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 79.1±0.23 78.8±0.17 76.8±0.5 76.5±0.5 74±0.26 
138 mm 77.8±0.32 80.2±0.37 77.6±0.47 76.5±0.23 75±0.4 
170 mm 79±0.28 79.7±0.22 78.1±0.37 77.4±0.34 74.9±0.65 
240 mm 78.3±0.65 79.1±0.5 77.1±0.35 75.8±0.6 75.4±0.17 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
79.1±0.23 79±0.26 78.3±0.32 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
79.2±0.33 79.7±0.3 78±0.17 76.7±0.7 74.4 ±0.5 
 
 
Table 5.5 Co mass % area-EDS measurements for all the examined coatings.  
Co mass % 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 17.7±0.3 18.1±0.17 19±0.5 20±0.43 22.4±0.2 
138 mm 18.5±0.4 16.8±0.3 19.1±0.47 20.5±0.18 21.7±0.35 
170 mm 17.9±0.3 16.6±0.25 18.8±0.42 19.5±0.3 22±0.65 
240 mm 18.6±0.7 17.6±0.5 19±0.25 20.5±0.6 21.3±0.17 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
17.7±0.3 17.7±0.36 17.9±0.34 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
17.1±0.4 17±0.2 18.3±0.17 19±0.37 20.8 ±0.5 
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Figure 5.18 EDS area scans for a) W mass% influence of spray angle-spray distance, b) Co mass% influence of 
spray angle-spray distance. 
 
5.5.2 Oxygen mass% 
 
Table 5.6 contains the area-EDS measurements for oxygen in the coatings’ microstructures. Like 
carbon, oxygen is also a relatively light element and as such, the EDS measurement is prone to 
inaccuracies. However, the measurements allowed for some qualitative internal comparison among 
the examined coatings that proved sufficient to demonstrate some basic trends.  
Table 5.6 O mass % area-EDS measurements for all the examined coatings.  
O mass % 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 0.8±0.07 0.8±0.04 1.2±0.09 1.4±0.09 1.2±0.05 
138 mm 1.1±0.07 0.9±0.05 1.1±0.07 1.1±0.04 1.3±0.05 
170 mm 1.1±0.09 1.2±0.04 1±0.06 1.1±0.04 1.3±0.04 
240 mm 1±0.04 1.1±0.04 1.5±60.1 1.4±0.01 1.2±0.05 
Constant 
900 
120 mm 
Gun traverse speed  
502 mm/s 670 mm/s 2010 mm/s 
0.8±0.07 1.08±0.08 1.4±0.07 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
1.1±0.04 1.06±0.04 1.44±0.07 1.7±0.05 2.12±0.09 
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It appears that, beyond the effect of spray angle and spray distance, the measured value of O is 
particularly sensitive to changes in gun traverse speed also. It should be noted that the respective 
tungsten and cobalt measurements proved to be independent of changes in gun traverse speed and 
directly governed by the extent of WC thermal dissolution and, most importantly, by the 
preferential WC rebounding associated with spray angle and distance interplays. This means that 
(at least partially) a distinct mechanism (different from preferential phase deposition associated 
with spray angle and distance interplay) is responsible for the apparent O uptake in the coating. 
Figure 5.19 and Fig.5.20 present the plotted values of O mass% with respect to spray 
angle/distance and gun traverse speed respectively. Starting with Fig.5.19, oxygen mass fraction 
shows a mild by clear positive correlation with decreasing spray angle. Furthermore, it can be said 
that at 900, longer spray distances yield higher levels of oxygen in the coating but the effect of 
spray distance is not clear in the rest of the examined angles.  
 
Figure 5.19 EDS area scans for O mass% influence of spray angle-spray distance. 
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The higher levels of oxygen in coatings sprayed at longer distances can be explained by the 
extended reaction time they have undergone in-flight. At longer spray distances, a larger fraction 
of particles is excessively overheated and decarburized and this is reflected in the higher amount 
of O that is able to (cumulatively) diffuse in the Co-rich binder, which ultimately forms the coating.   
Regarding the variations of O mass% with changing spray angle, two additional mechanisms (to 
the one described above) are involved. In detail, assuming the spray distance remains constant, any 
in-flight oxidation would also remain unchanged with different spray angle. That means that any 
change in O mass% that occurs due to oblique spray angle must be caused by phenomena taking 
place at the impact stage of the particles or after. Indeed, as discussed earlier, oblique spray angles 
favor the successful deposition of softer phases than harder. In that manner, any liquid (or 
adequately softened) Co-rich binder phase will have better chance to adhere, upon impact, and 
form part of the final coating, compared with large WC, or un-softened parts of the binder. 
Considering that any softening effect originates from the heating of Co and that, in-flight, O can 
diffuse only into liquid Co [1,54,58], it is evident that the O will be positively correlated with 
decreasing spray angle. 
The second mechanism that is responsible for the mild increase in the apparent O mass% in 
coatings deposited at tilted positions is the progressive reduction of the splat size in the 
microstructure. As seen earlier in Fig.5.11, the splat size is drastically reduced from 900 to 300, due 
to the increasingly promoted WC rebounding by the oblique spray angle. This resulted in a higher 
density of splat boundaries in a unit area of the cross-section of the coating. Verdon et al. [1], 
established via EDS and PEELS that the oxygen-to-tungsten or cobalt ratio is highest at the splat 
boundaries. As of that, it is expected that areas with a higher density of splat boundaries will yield 
higher O mass% measurements via EDS. 
Looking at Fig.5.19 there is a significant divergence between the coatings S4 and S5 (black square 
data points corresponding to 450 and 300 respectively) and the rest of the coating sprayed at similar 
angles and distances. This can only be attributed to the additional effect of higher gun traverse 
speed that only becomes evident at these coatings (S4 and S5) since only they differ substantially 
in terms of gun traverse speed from all the other coatings presented in Fig.5.19.  
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The significant effect of gun traverse speed to the apparent O mass% in the coatings can be 
confirmed in Fig.5.20 where its isolated effect is plotted. Changes in the spray scan speed (traverse 
speed) are irrelevant with the dwell time of the particles in the HVOF jet since the spray distance 
is unaffected. Like so, any thermal dissolution or decarburization occurring in-flight is the same 
among the coatings sprayed at different scan speeds. Moreover, the state of particle impact and 
preferential phase deposition also remain unrelated to changes in gun traverse speed since (i) the 
coatings sprayed at different scan speeds where sprayed at the same spray angle and (ii) the 
tangential velocity vector of the impinging particles that is caused the spray scan translation over 
the coated surface has a magnitude of 502 to 2010 mm/s (section 3.6), which is  at least two orders 
of magnitude lower than the measured particle velocity at impact (630 to 860 m/s) as measured by 
the spray watch system (section 4.2).  
 
Figure 5.20 EDS area scans for O mass% influence of gun traverse speed. 
 
5.6 Superficial Oxidation of the as-sprayed Coating Layer 
 
Based on the above, the only possible way in which the gun traverse speed can affect the O content 
in the coating can be via a mechanism acting post-particle impact, on the as-sprayed coating. Indeed 
coating temperatures during deposition can exceed 950 K [1] and the oxidation of cemented 
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carbides initiates well below such temperatures. As discussed in detail in section 2.3.5.6, the low 
temperature oxidation of Co can initiate with temperatures as low as 570 K [81]. Considering 
cemented carbides, the early oxidation regime (for temperatures up to 820 K) involves 
predominantly the selective oxidation of the Co-rich binder and slight oxidation of WC. At this 
regime the main constituent of the oxide scale is CoWO4. For temperatures higher than 820 K, Co-
rich binder and WC grains oxidize concurrently but the oxidation of WC to WO3 advances at a 
faster rate owing to the porous structure of WO3 that enables ample supply of oxygen to the 
oxidation front. Finally, above 900 K, the oxide CoWO4 becomes dominant again, not only by 
being preferentially formed, but also by consuming existing WO3 that was formed below 900 K 
[84]. A side effect of the dominance of CoWO4 for temperatures over 900 K, is that the systemic 
oxidation rate is reduced due to the less porous structure of CoWO4 versus WO3.  
Another highly important observation is that oxidation reactions (ii) and (iii) in Fig.5.21 are notably 
energetically favored, versus the oxidation of carbon for temperatures below 1000 K. That means 
that oxidation of the W-C-Co system that occurs below 1000 K will result in solid reaction products 
(WO3 and/or CoWO4) and in that manner, oxygen will be captured and retained in the coating. 
Conversely for oxidation above 1000 K, production of CO is thermodynamically favored, leading 
to removal of carbon and failure to attain oxygen in the coating system, since CO is gaseous at 
these temperatures. 
 
Figure 5.21 Ellingham diagram for the oxidation reactions that are relevant to W-C-Co, data from [66]. 
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In order to confirm and asses the superficial oxidation of the coatings, which is hypothesized to 
have occurred, post-particle impact, on the as-sprayed layer, XPS analysis was executed on the as-
coated surfaces of the coatings. The XPS results herein, are from the coatings sprayed (a) at 120 
mm, 900, 502 mm/s, (b) 240 mm, 900, 502 mm/s and (c) 120 mm, 300, 502 mm/s. These coatings 
were selected in order to ascertain that oxide scales are indeed formed in the boundary conditions 
of the examined spray angles and spray distances, which will also be the boundary conditions for 
the magnitude of the heat exchange between the HVOF jet and the coated surface, during the 
coating process. If oxides are detected in all three cases, one can safely assume that superficial 
oxidation will have occurred in the rest of the coatings as well.  
Fig.5.22 presents the XPS spectra of the elements that are relevant to the low temperature oxidation 
of W-C-Co (W4f, O1s and Co2p). Starting with the coatings sprayed at 120 mm, 900 (Fig.5.22a), 
the W4f scan presents four peaks with binding energies of 31.3 eV, 33.4 eV, 35.3 eV and 37.4 eV 
respectively. According to [82], the former two peaks represent the W4f7/2 and the W4f5/2 from WC, 
while the latter two peaks are associated with W4f7/2 and the W4f5/2 from WO3 or CoWO4, since in 
both oxide species tungsten is found at W6+ state [85]. The fact that both the peaks associated with 
WC and WO3/ CoWO4 are visible means either that WC and WO3/ CoWO4 are both exposed on 
the as-coated surface, or that the thickness of the WO3/ CoWO4 oxide scale is less than the XPS 
sampling depth (which is estimated to be close to 10 nm, using AlKa X-ray radiation, as discussed 
in section 3.4.4).  
In the region where the O1s should be located, two peaks (partially overlapping) are identified at 
531.7 eV and 529.9 eV. The peak at 531.7 eV is stronger and represents C=O contamination, of 
organic nature, on the examined surface and the peak at 529.9 eV stems from Oxide scales on the 
sample [82]. Finally, the Co2p scan reveals two main peaks at 780.7 eV, 796.5 eV and their 
corresponding satellite peaks at 786.3 eV and 802.6 eV. The peaks at 780.7 eV, 796.5 eV are 
associated with Co 2p3/2 and Co 2p1/2 indicating the existence of Co2+ and/or Co3+ [82]. Both the 
2+ and 3+ oxidation states of cobalt produce their prime peaks in the same binding energies but 
further information regarding the exact oxidation state of Co lies in the morphology of the satellite 
Co2p peaks. Co2+, found in CoO and CoWO4, presents clear satellite peaks at the binding energies 
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of 786.3 and 802.6 eV. Conversely, Co3O4 contains both Co2+ and Co3+ and so the satellite peaks 
are expected to be significantly obscured by the mixed oxidation state of the system. Regarding the 
Co2p scans in Fig.5.22, it is clear that the satellite peaks at the binding energies of 786.3 and 802.6 
eV are visible, indicating the existence of Co2+. This is true for all the examined coatings and, 
according to the Ellingham diagram in Fig.5.21 and the literature on early oxidation of WC-Co, 
suggest that all of the exposed cobalt on the surface of the coatings (at least in the sampling depth 
of the XPS ≈ 10 nm) is captured in the CoWO4 oxide. In turn, this confirms that at least a part of 
the W6+ related peaks seen in the W4f scans are due to CoWO4.  
Regarding the coating that was sprayed at 240 mm, 900, 502 mm/s (Fig.5.22b), tungsten is captured 
in WO3/ CoWO4 at the same levels as on coating sprayed at 120 mm (Fig.5.22a). The spectrum of 
Co2p appears similar to the respective in Fig.5.22a in terms of the binding energies of the identified 
peaks indicating only CoWO4. In the O1s scan, only one peak can be identified and its peak is 
positioned between 529.9 and 531.7 eV making it difficult to say if it originates from organic 
contamination or oxygen bound in oxide scales. 
Moving on to the coating sprayed at 120 mm and 300 of spray angle (Fig.5.22c), in the W4f scan, 
only the two peaks from W6+ appear clearly and the peaks that should originate from WC are 
virtually non-existent. This reveals that almost all of the tungsten on the surface of the coating is 
captured in the WO3/CoWO4 oxide scale. The O1s scan reveals one peak, like what is seen in 
Fig.5.22b. The binding energy of the O1s peak is at 530.7 eV, lying in the middle between 529.9 
and 531.7 eV, which are identified as the oxide and organic contaminant signatures respectively. 
In terms of the Co2p scan, same as before, only CoWO4 is detected. 
The difference in the W4f spectra seen in Fig.5.22 reveal that the spray angle has an important role 
in the superficial oxidation of the as-sprayed coating layer. Considering that the consecutive spray 
passes overlap by a factor of 25%, it would be expected that every part of the as sprayed surface 
has seen temperatures that enable the WO3/ CoWO4 scale growth, yet inhomogeneous heating of 
the coated surface cannot be excluded due to the dynamic temperature field of impinging HVOF 
jet. In light of these considerations, it is not clear whether the double W4f7/2 and the W4f5/2 peaks 
from W0+ and W6+ (Fig.5.22 a, b) are due to inhomogeneous growth of the oxide scale or due to 
its very thin layer. Nonetheless, for the scope of this section, the confirmation of the existence of 
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superficial WO3/CoWO4 on all coatings is the objective, rather than quantification and correlation 
of the XPS results with the kinematic parameters. 
 
 
 
Figure 5.22 XPS spectra of W4f, O1s, Co2p of as- sprayed coatings a) at 120 mm spray distance, 900, 502 mm/s, b) 
at 240 mm spray distance, 900, 502 mm/s, c) at 120 mm spray distance, 300, 502 mm/s. 
 
Figure 5.22 and the discussion above prove that oxide scales of WO3/CoWO4 are formed on the 
surface of all the coatings that are studied in this work. Furthermore, it is shown that any exposed 
Co-rich binder is covered by CoWO4. As the HVOF jet blazes over the coated surface, there are 
two mechanisms at work that are involved in the superficial oxidation of the coating. First, the 
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deposited coating layer itself undergoes secondary cooling [32] and secondly the existing coating 
adjacent to the fresh HVOF footprint trail is heated via conduction and convection to temperatures 
that render it prone to oxidation [1]. The role of gun traverse speed is principal in the post-particle 
impact oxidation since by definition, it controls the dwell time of the spray plume over the coated 
surface. In that way, it also dictates the mass and heat transfer. In regards to the manner in which 
gun traverse speed controls the superficial oxidation, there are two conflicting mechanisms that 
shape the overall oxidation. First, faster spray scans compromise the heat transfer to the as-coated 
layer, since for a stationary point on the coated surface, the heat exchange with the HVOF jet occurs 
over a shorter period of time. In that way, higher traverse speed yields lower temperature of the as-
coater layer and thus, restricts the conditions that are necessary for oxidation during the secondary 
cooling. On the other hand, as discussed in section 4.4, with faster spray scans the deposition rate 
is reduced following and hyperbolic trend. A consequence of that is that more spray passes are 
required to deposit a coating of unit thickness.  
Considering that the final coating is essentially the sum of the individual coating layers that were 
deposited with each spray scan, the thickness of the layer that is deposited per pass can be viewed 
as a spatial period T. Then, the frequency of the coating layers (in the through-thickness direction 
of the coating) can be estimated by simply calculating 1/T. Fig.5.23 is based in the values of coating 
thickness in Fig.4.8 and illustrates that point by plotting the progression of the frequency of sprayed 
layers in the through-thickness direction of the coating required to reach a unit coating thickness, 
as the gun traverse speed in increased. For example, a coating sprayed at 2010 mm/s will require 
almost four times as many spay passes to reach a unit thickness, compared to a coating that is 
sprayed at 502 mm/s.  
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Figure 5.23 Normalized frequency of coating layers prone to oxidation in the through-the-thickness direction in the 
coating. 
 
The coupling of these two conflicting mechanisms dictates the cumulative degree of post-particle 
impact oxidation in the microstructure of coatings. Their conflicting nature can explain nicely the 
non-linear rise of the O mass% in Fig.5.20. The non-linearity being caused by the fact that as the 
traverse speed is increased, there are more oxidation-prone sprayed layers in the coating that are 
progressively less oxidisable. 
 
5.7 Phase Proportions and Decarburization in the Microstructure 
 
5.7.1 XRD of the Starting Powder 
 
Fig.5.24 presents the XRD pattern that was obtained from the analysis of the starting powder used 
in this work (WC-17Co). It appears that that the only detectible peaks are from WC and metallic 
Co, confirming the absence of any decomposition products or contamination in the starting powder. 
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Figure 5.24 XRD pattern of the WC-17 starting powder. 
 
5.7.2 XRD of the Coatings 
 
For the XRD examination of the coatings, only the linear experiments were studied because the 
nature of the rotational-plane experiment does not allow for constant kinematic conditions over an 
area of 2 cm2 on the samples. The intensity of all the XRD patterns is normalized to the highest 
peak in order to provide a measure of relative concentration of the identified phases for each 
coating. Initially, the XRD patterns of the coatings were obtained using the same parameters as the 
XRD for the powder (2θ in the range of [200 - 900], scanning speed of 2.330 min-1 and X-ray tube 
current of 30 mA). Yet these process parameters did not prove to be adequate to produce clear 
patterns with identifiable peaks, instead, the signal-to-noise ratio was high and it obscured any 
peaks originating from phases of WC decomposition products. Such phases include W2C, metallic 
W and Co6W6C, are expected to be found in the region 2θ = [300-500]. An example of such 
unreliable signal can be seen in Fig.5.25, where the XRD patters from coatings sprayed at 170 mm, 
at all the examined spray angles are presented. Although, as the spray angle approaches the 300, 
the peaks associated with decarburization of WC (W2C and metallic W) are increasingly more 
visible, their intensity is similar to the general noise of the signal. The bad quality of the XRD 
patterns in Fig.5.25 makes impossible the quantification of the WC decarburization. 
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Figure 5.25 XRD pattern of the coatings sprayed at 170 mm, at all angles (2θ in the range of [200 - 900], scanning 
speed of 2.330 min-1 and probe current of 30 mA). 
 
At a later step, the XRD process parameters were fine tuned to probe into a shorter 2θ angular 
range (that includes all the peak positions of the expected secondary phases) with more accuracy 
(2θ at [300 - 500], scanning speed of 0.010 s-1 and higher X-ray tube current of 40 mA). Figure 5.26 
presents the collective XRD patters of the linear experiments for the spray distance and spray angle 
study. The XRD patterns from the coatings sprayed at different traverse speed can be seen in 
Fig.5.27. In addition, the carbide retention index for all the examined coatings and starting powder 
was calculated using eq.5.4 [68]. The resulting values of WC retention index aim to quantify the 
decarburization degree of each coating by comparing the relative fraction of the phases that are 
associated with the WC decarburization products. The WC retention index values are presented in 
table 5.7. 
 
 = $                   (5.4) 
Where: 
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IWC Intensity of the WC peak at 2θ = 35.60 
IW2C Intensity of the W2C peak at 2θ = 39.60 
IW Intensity of the W peak at 2θ = 40.20 
 
 
Figure 5.26 XRD patterns of the coatings sprayed at a)120 mm, b) 138 mm, c) 170 mm and d) 240 mm,  at all angles 
(2θ in the range of [300 - 500], scanning speed of 0.010 s-1 and probe current of 40 mA). 
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Figure 5.27 XRD patterns of the coatings sprayed at 120 mm, 900 at the examined gun traverse speeds, (2θ in the 
range of [300 - 500], scanning speed of 0.010 s-1 and probe current of 40 mA). 
Table 5.7 Carbide retention index for the coatings with variable spray angle and spray distance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stand-off 
Distance 
(mm) 
Spray 
angle 
(deg.) 
Gun trav. 
Speed 
(mm/s) 
Carbide 
retention 
index (%) 
120 900 502 94 
120 750 502 93.8 
120 600 502 93.5 
120 450 502 92.4 
120 300 502 89.6 
138 900 502 94 
138 750 502 93.8 
138 600 502 92.5 
138 450 502 91.6 
138 300 502 87.4 
170 900 502 93 
170 750 502 92.5 
170 600 502 92.2 
170 450 502 91.7 
170 300 502 85.7 
240 900 502 91.7 
240 750 502 90 
240 600 502 91 
240 450 502 90 
240 300 502 88 
120 90 570 94 
120 90 2010 94 
WC-17Co Powder 97.2 
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Generally, the WC phase is responsible for the major peaks in the XRD patterns of all the coatings, 
this is largely due to the high initial concertation in the sprayed powder and minimum thermal 
dissolution, a result of the short stand-off distances that are employed (compared with the common 
spray distances that are used in conventional HVOF equipment, which are above 300 mm). 
Secondly, due to the axial powder injection that occurs away from the combustion zone in the C-
HVOF system used in this work [120], which avoids the unnecessary overheating of the powder 
particles. Also, unlike the XRD of the starting powder, there is no metallic Co phase identified in 
any coating (Fig.5.26).  
In Fig.5.26 and table 5.7, any change that occurs in coatings sprayed at the same spray distance is 
attributed exclusively to mechanisms governing the particle impact at different oblique spray 
angles. This is true since any phenomena occurring in-flight of the particles will be the same. At 
the spray distance of 120 mm, the WC retention is generally higher than longer spray distances, 
owing to the shorter heating in the HVOF jet, but it is also seen to decline as the spray angle 
becomes oblique. Moreover, the steeper change occurs from 450 to 300. This is interestingly well 
correlated with the abrupt reduction in larger WC that occurs in the same angular range and same 
spray distance, seen in Fig.5.10. The correspondent behaviour between large WC content and WC 
retention index at 120 mm, suggest that the preferential rebounding of larger WC grains has, in 
fact, led to the increase of the relative fractional importance of W2C and metallic W that appears 
as an increased peak intensity of the afomentioned secondary phases in Fig.5.26 at 300 versus angle 
inclinations closer to normal.  
Another interesting point is that the W2C peak is seen to gradually decrease, compared with the 
metallic W peak, as the spray angle approaches 300 (Fig.5.26a). The same can be said for the spray 
distances of 138 and 170 mm as well (Fig.5.26b and c). This can be explained by the fact that W2C 
exists as a poly-crystalline shell that grows epitaxially around the decarburized WC, under the right 
conditions, while the metallic W is mostly dispersed in the Co-rich binder, and tends to exist close 
to the splat boundaries (discussed in detail in section 5.8). That means that while W2C is bound to 
the location of the WC grains on which it crystalizes, metallic W is not. In that manner, when 
increasingly more WC grains preferentially rebound at oblique spray angles, any W2C that has 
nucleated on them is also removed from the microstructure while the sum of metallic W is always 
able to be successfully deposited since it lies in the softest parts of the binder (of the impacting 
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particle). That mechanism explains adequately the progressive relative intensification of the W 
peak versus the W2C peak, with decreasing spray angle. 
The main difference, regarding the phase proportions, between coatings sprayed at 120 mm 
(Fig.5.26a) and the ones sprayed at 138 and 170 mm (Fig.5.26b and c) is that the decline in in the 
WC retention index at the step of 450 to 300 is notably more intense (coating at 170 mm, 300 has 
the lowest WC retention index from all the examined coatings) and that the peaks associated with 
the secondary phases are progressively more intense in all respective spray angels. Both of these 
observations are attributed to the extra time spent in-flight and the respective additional thermal 
dissolution endured. 
Moreover, the progressive decline of WC retention index with oblique spray angles, that is seen 
for 120, 138 and 170 mm spray distances (table.5.7) appears to correspond with a respective 
intensification of a “ hump”  in  range of  2θ=[400-470] in Fig.5.26a, b, c. It is well established that 
a plateau in that 2θ range of the XRD patters corresponds with amorphous/nanocrystalized phases 
of the binder that include Co, W and C [1,2,47,49,50,54,69,75]. The migration of W and C in the 
Co binder occurs via accelerated diffusion, when the binder is in liquid state. Consequently, the 
complex nanocrystalized phase is formed in the quenching that occurs at the splat formation stage. 
The fact that the hump which is related to the amorphous phase in the binder is increased with more 
oblique spray angles confirms the mechanism that is proposed above for the behaviour of the 
W2C/W peaks and WC retention index. Specifically, it is a mark of the progressive preferential 
deposition of softer binder (in which WC dissolution products accumulate) to harder WC (or 
unsoften, solid binder equivalently) that is caused by oblique deposition.  
At 240 mm of spray distance (Fig.5.26d), while the negative effect of spray angle is still active 
(looking at the W to W2C ratio at 900 and 300), its effect appears to be less evident. This is because 
all the coatings sprayed at this distance appear to have similar WC retention index values (table 
5.7) and similar XRD patterns. This is somewhat expected since at that long spray distances, the 
discriminating role of spray angle in regards to deposition (soft vs hard phases) is less important 
since all of the impinging particles arrive at the target at high temperatures. 
Concerning the effect of gun traverse speed to the phase proportions of the coatings, the WC 
retention index appears to be unaffected (table 5.7). This is expected since the decarburization and 
 Chapter 5. Microstructure, Phase Composition and Decarburization 
 
173 
 
thermal dissolution of the WC occurs in-flight primarily; and a change merely in the gun traverse 
speed during deposition does not have a visible effect in the dwell time of the particles in flight, or 
in the state of impact. Nevertheless, faster spray scans resulted in an interesting appearance of two 
low intensity peaks corresponding to η-phase of Co6W6C and metallic Co, seen in Fig.5.27. This 
development must be attributed to mechanisms acting post particle impact and splat formation 
since the spray distance and spray angle remained unaffected. These peaks are attributed to the re-
crystallization of the amorphous binder which has been closely related to the annealing of the 
coating, post deposition [72-75]. The temperatures required to achieve such an annealing effect in 
WC-Co ultimately depend on the exact composition of the amorphous phase [74] and have been 
reported to be at 1126 K [142], 873 K [73] and at 973 K [72,74]. Moreover, Li et al. [73] attributes 
the higher temperature reported by [142] to mark the reaction between crystalized W and Co with 
C to form the η-carbide, rather than recrystallization of the amorphous binder. As Verdon et al. [1] 
observed, the temperature that may be experienced by the already-deposited coating during 
deposition may exceed the lower temperatures that are required for annealing of the amorphous 
phase of WC-Co (873 K). 
Thus, it appears that the gun traverse speed has an important role in the annealing of the sprayed 
coating via the effective heat transfer in the already coated layers. Specifically, considering the 
drastic reduction in the thickness of the coated layer which results from faster spray scans (section 
4.4), it becomes evident that thinner coating layers (per spray pass) are more prone to be heated via 
conduction owing to future successive coating layers, to temperatures that will enable 
recrystallization of the amorphous binder to η-phases. Higher gun traverse speeds result in an 
effective thermal cycling of the already deposited coating layers that can have annealing effects to 
the phases in the microstructure. 
 
5.8 Thermal Dissolution and Decarburization of WC Grains 
 
Coatings sprayed at short distances very rarely showed visual evidence of WC dissolution and W2C 
formation. When they did, the affected WC gains seem to be of small size and, most importantly, 
they are engulfed in small splats. Fig.5.28a and c show individual WC grains from coatings sprayed 
at 120 mm, at 900 and 300 respectively. It can be seen that there is no detectable W2C in both 
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instances, with their outer edges remaining sharp and retaining any arbitrary shaped nano-features. 
This is an indication of nonexistent thermal dissolution. In Fig.5.28b, some decarburized WC 
grains from the coating sprayed at 138 mm, 900 can be seen. The W2C has nucleated on the outer 
edges of the WC grains in what seems to be an irregular shaped shell with segregated outer edges. 
Such morphology of W2C is often seen in WC-Co coatings [2,50,54]. It is crucial to note here, the 
remarkable difference in the extent of decarburization between the WC grain that is highlighted in 
Fig.5.28b, and the adjacent one right above it. While the highlighted WC is intensely decarburized 
shown a W2C rim, the one above has not suffered any thermal dissolution. It is also interesting to 
note the two decarburized grains in Fig.5.28b are engulfed in the same very small splat (diameter 
of approximately 1-2 μm). These two facts are evidence that the degree of WC decarburization is 
a direct function of the surrounding splat size. Indeed, the unaffected WC grain seems to be part of 
a much larger splat. Smaller particles are prone to more intense heating during the in-flight stage 
due to their larger specific area and lower thermal mass [63]. In-turn, Co will melt faster and WC 
in smaller particles will be subjected to thermal dissolution earlier in-flight than WC grains which 
lie in larger particles. In that way, variable degrees of decarburization is expected in the coatings, 
analogous to the powder particle size distribution. 
In Fig.5.28d two larger WC grains appear to have suffered slight decarburization with an epitaxial 
growth of a W2C of thickness less than 100 nm. The image in Fig.5.28d is taken from the coating 
sprayed at 138 mm, 750 and is evidence of the variable degree of WC thermal dissolution that can 
be found in coatings sprayed at the same distance (comparing with Fig.5.28b), governed by the 
particle size of each individual case. 
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Figure 5.28 SEM images of WC grain details of coatings sprayed at a) 120 mm, 900, b) (BSE image) 138 mm, 900, c) 
120 mm, 300, d) 138 mm, 750 (all coatings shown sprayed at 502 mm/s). 
 
As the spray distance gets longer, increasingly larger powder particles are able to melt and initiate 
WC thermal dissolution because the time of heat exchange with the HVOF jet is extended. As a 
result, a larger fraction of the impinging particles, and thus of the end coating, are decarburized. 
Meanwhile, the smaller particles in the long spray distances suffer extensive thermal dissolution 
and in-flight oxidation and promote (i) large-scale W2C growth around affected WC, (ii) complete 
thermal dissolution of the smallest WC grains, (iii) the nucleation of metallic W in the 
microstructure. From the above it is evident that the spray distance, on its own, cannot be 
considered as an absolute measure of the extent of the in-flight decarburization of the impinging 
particles. It is rather a combination between spray distance and particle size that governs the in-
flight decarburization of the particles. 
In Fig.5.29, two isolated sites of intense WC thermal dissolution are presented. The backscatter 
images are taken from the coating sprayed at 240 mm, 450, 502 mm/s (Fig.5.29a) and from the 
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coating sprayed at 170 mm, 450, 1005 mm/s (Fig.5.29.b), from the rotating/plane experiment. In 
both cases in Fig.5.29, it is seen that there is an inhomogeneous nucleation of the semicarbide 
(W2C) showing clear bias towards the side of WC grains that is closer to the nearest splat boundary. 
Moreover, in both cases, precipitated metallic W in arbitrary shaped stringers is seen to exist 
between the W2C and the splat boundary. The location of those features is very important because 
it infers insights on the mechanisms of their formation, which confirm the suggested pathways 
discussed in section 2.3.5.5.2. Shortly, the accelerated thermal dissolution zone, which typically 
found close to the splat boundary, enforced by the direct oxidation and removal of C at that 
interface whilst in-flight of the particles is confirmed by these images. 
 
 
Figure 5.29 SEM backscatter (BSE) images a) decarburized WC from coating sprayed at 240 mm, 450, 502 mm/s. 
Metallic W found between the W2C and the splat boundary. b) Decarburized WC from coating sprayed at 170 mm, at 
450, at 1005 mm/s. Preferential W2C growth towards the splat boundary. 
 
On the grounds of the discussion in section 2.3.5.5.2, it is anticipated that W would be formed very 
close to the binder-HVOF gas oxidation interface due to the high rate of local C removal [1,50,54]. 
In that way, oxidation of thermally dissolved WC into Co is necessary for the formation of metallic 
W [69]. Yet, the exact occurrence of the conditions for W crystallization is not established yet. 
Some authors working on HVOF [54] and atmospheric plasma sprayed [50] WC-Co suggest that 
nucleation of W initiates during the solidification of impacted particles, while others [1] working 
on HVOF, support that it occurs during the flight of particles, based on temporary fluctuations of 
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the peripheral temperature of the particles in-flight. Such temperature fluctuations on the surface 
of in-flight particles have been demonstrated to occur [71]. 
 
5.9 Metallic Tungsten Nucleation Mechanism in the Microstructure 
 
In order to probe in the underlying mechanism responsible for the formation of metallic W Fig.5.30 
and Fig.5.31 from the coatings sprayed at 240 mm, at 300, at 2010 mm/s (S5 from the rotating-
plane experiment) were synthesized. In Fig.5.30a, b and Fig.5.31 some very small splats are seen 
to be surrounded by a continuous metallic W rim of about 100 nm in thickness. The three carbides 
inside the splat in Fig.5.30a, b, are intensely dissolved and large crystals of W2C can be seen 
stemming from the carbide edges. The same applies for the sites seen in Fig.5.31. In Fig.5.30c and 
d, similar metallic W formations are seen to extend along restricted lengths on the splat boundaries 
of larger splats. In Fig.5.30c the W rim appears fragmented into high aspect ratio stringers that start 
to resemble the morphologies in which metallic W is usually found and reported in relevant 
literature [1]. 
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Figure 5.30 All the subfigures feature intensely decarburized sites from coatings sprayed at sprayed at 240 mm, 30, 
2010 mm/s a) (SE image) intensely decarburized small splat. Metallic W rim is formed along the splat boundary. b) 
(SE image) Detail of (a), c) (BSE image) metallic W found close to splat boundaries, d) (BSE image) Metallic W rim 
found at the splat boundary along with nano-porosity due to oxidation products in the Co-rich binder phase. 
 
In Fig.5.31c, d, it is notable that the semicarbide (W2C) has grown only where there is contact with 
the Co-rich binder. The lower left part of the WC grain is adjacent to the splat boundary and appears 
to lack any W2C. This confirms the work of Basinska et al.  [76], where the indispensable role of 
the Co binder in the W2C formation is discussed. 
 Chapter 5. Microstructure, Phase Composition and Decarburization 
 
179 
 
 
Figure 5.31 Individual fine particles demonstrating a metallic W rim that extends along the splat boundary a) 
site 1 SE, b) site 1 BSE, c)  site 2 SE, b) site 2 BSE 
 
In order to confirm that the rim-structures in Fig.5.30 and Fig.5.31 are in fact metallic W, two 
approaches with EDS analysis were employed. First, the accelerating voltage of the electron beam 
was lowered to 5 kV, making sure that it still was capable of exciting core electron from tungsten 
(characteristic X-ray of tungsten (M shell) is 1.774 eV). This was done in order to minimize the 
interaction volume of the of the incident electron beam and correspondingly increase the accuracy 
of the point measurements. Two such EDS point measurements in coating S5 are shown in Fig.5.32 
and Fig.5.33 with the results shown at table 5.8.  
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Figure 5.32 Point EDS analysis on metallic W rim site 1 on coating S5 (240 mm, 300, 2010 mm/s). 
 
Figure 5.33 Point EDS analysis on metallic W rim site 2 on coating S5 (240 mm, 300, 2010 mm/s). 
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Table 5.8 EDS point measurements on coating S5. 
EDS point measurements on W rims, atom % 
 C O Co W 
Site #1 pt1 5.3 11.2 6.1 77.4 
Site #1 pt2 5.6 13.7 46.6 34.1 
Site #2 pt1 6.1 11.3 5.4 77.2 
Site #2 pt2 5.3 11 6.1 77.5 
Site #2 pt3 5.9 5.8 40.6 47.7 
 
Table 5.8 shows a clear dominance of tungsten (above 75%) in the point measurements made on 
the suspected W rim, with the second most abundant element being oxygen (above 11%). 
Meanwhile, in the point measurements that are made in the binder phase (Fig.5.32 pt2, Fig.5.33 
pt3), tungsten and cobalt seem to exist in equal atomic portions around 40%, with oxygen and 
carbon following.   
In addition to the point measurements, EDS maps were generated on the same and similar sites, in 
order to provide spatial accuracy regarding the existence of the detected elements. Figure 5.34 
presents one such site, where it is demonstrated that tungsten is widely distributed over all the 
examined area but clearly more concentrated on the location of the suspected W rim. Considering 
the necessary circumstances of metallic W nucleation that where discussed above, it is expected 
that the binder phase adjacent to any metallic W will contain significant quantities of diffused 
tungsten, since it is necessary for the formation of the metallic W grain in the first place. Yet most 
importantly, Fig.5.34 shows that oxygen originates, almost exclusively from the splat boundaries 
which are located adjacent to the W rim. This is also expected since splat boundaries are [1] found 
to contain more oxygen than anywhere else in the microstructure. This means that the oxygen 
which is detected on the suspected W rim, in the EDS point measurements (table 5.8), is only 
detected due to the close proximity of the O-rich splat boundary to the interaction volume of the 
point measurement and not because it is part of the examined rim-structure. The same applies to 
Co, considering its spatial occurrence in Fig.5.34, which demonstrates clearly the absence of Co 
from the examined rim-structure. Thus, it can be stated with certainty the observed rim-shaped 
structures are metallic tungsten. 
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Figure 5.34 EDS (5 kV) maps of W, O, Co confirming the metallic W structure in coating S5 (240 mm, 300, 
2010 mm/s). 
 
Having confirmed that the observed continuous rims seen in Fig.5.30 and Fig.5.31 are in fact, 
metallic tungsten, valuable insight on their formation can be inferred. Specifically, the fact that 
they are continuous and surround only the very small splats can most easily be explained by their 
formation during the in-flight stage of the particles. First, the isometric peripheral structure of the 
W rim indicates a concurrent formation, under homogenous conditions which can be true only in 
the in-flight stage. Verdon et al. [1] showed that the solubility of WC in Co is a function of 
temperature, thus a local drop in temperature of the W-saturated binder in-flight could cause the 
nucleation of metallic W. Intense in-flight temperature fluctuations that would enable metallic W 
crystallization are expected in very small powder particles [71,138,143] due to the large specific 
area and small thermal mass they have. The same is true for protruding parts of larger particles that 
achieve locally large specific surface area and small thermal mass. Such local regions in the 
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periphery of larger particles can originate either due to porosity in the starting powder, or non-
uniform morphology, both of which are demonstrated to exist in the powder particles used for this 
work (Fig.5.14). The continuous W rims that are seen in Fig.5.30 and Fig.5.31 are evidence of the 
formation of W rim in parts of larger particles where the appropriate conditions of morphology, 
WC thermal dissolution and temperature history allowed its formation.  
Secondly, the splats that demonstrated continuous W-rims in Fig.5.30 and Fig.5.31 can be 
characterized by low aspect ratio (i.e. they maintained their circularity). This indicates that they 
experienced insignificant plastic deformation upon impingement, which would be possible only if 
they impinged at solid state. Thus, the metallic W-rim must have been crystalised in-flight. The 
reasons why such W rims are observed only in the longest spray distances is (i) longer spray 
distances provide adequate heating so the extensive WC dissolution and oxidation can occur in-
flight, (ii) longer spray distances entail more temperature fluctuations for the small particles that 
will enable metallic W crystallization, (iii) particles generally impinge the target at lower velocity 
and higher temperature, which means that there is a corresponding decline in the gas stream 
velocity which could potentially obstruct very fine particles from impinging, owing to their low 
momentum.  It is not inconceivable that the arbitrary shaped metallic W stringers that are usually 
seen in relevant literature [1] and Fig.5.30c, originate from the breaking and mixing of such W 
rims with the binder, during the splat formation stage of larger particles. Larger particles deform 
more intensely upon impingement than smaller ones and therefore they tend to break any W rim 
that has formed on their periphery.  
 
5.9.1 Three Dimensional Morphology of Metallic Tungsten Structures 
 
In order to probe further into the three dimensional features of the decarburization products, a FIB-
SEM was employed to perform sectioning studies on coating S5 (240 mm, 300, 2010 mm/s, which 
showed the richest and most abundant decarburization features from the examined coatings). 
Initially, the examined sites were prepared by removing selectively material around a rectangular 
volume (Fig.5.35, left), which would later be subjected to controlled, serial ion milling and imaging 
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steps. A thin layer of platinum was deposited on top of the rectangular volume of coating (Fig.5.35, 
left), in order to shield the material from the ion beam, as it progressively mills-away slices from 
it. This was necessary for the accurate vertical milling of the studied coating volume. Subsequently, 
the Xe+ ion beam was used to progressively mill slices of 50 nm thickness and capture images of 
the fresh phases with a secondary electron detector. In total, 211 images were obtained, 
corresponding in a volume of approximately 11 μm3 of coating captured. 
 
 
Figure 5.35 Sites before and after the FIB sectioning studies on coating S5 (240 mm, 300, 2010 mm/s). 
The resulting sequence of images was examined and metallic W rims were identified. The regions 
of interest were cropped and processed with Image J, aiming to highlight the W-rim formation. It 
was revealed that such W-rims extended in the third dimension, following the parent splat 
boundary. One such site can be seen in Fig.5.36 where the montage of 30 consecutive images (step 
size of 50 nm) is presented. In Fig.5.36, a volume of 7 μm3 is presented. The W shell extends from 
the left middle to the top right of each caption, following the curved splat boundary. In the 
proximity of the W shell, a highly decarburized WC grain is seen along with W2C, grown on its 
surface. The shell-shaped metallic W provides additional evidence towards the theory that metallic 
tungsten, as a decarburization product, crystalizes in-flight. 
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Figure 5.36 Montage of thirty images (step size 50 nm) featuring metallic W-shell along a splat boundary 
 
Beyond the 3-dimensional information of the microstructure, the ion-milling was able to preserve 
microstructural features in the nanoscale, which would have been smeared away by conventional 
polishing of the sample. Such features can be seen in Fig.5.37 where an intersplat gap is examined. 
The left part of Fig.5.37 shows the intersplat gap and the right part, probes into the structural 
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evolution of the splat interface in the third dimension for 400 nm (eight iterations). Some nano-
globular features can be clearly seen residing on the external face of the splats. Meanwhile, the 
sectioning of the upper splat boundary (Fig.5.37 right) reveals a morphology that is similar to the 
metallic W-shells which have been observed earlier. This indicates that what is seen in Fig.5.37 
might be the external face of a metallic W shell. If that is the case, the nano-globules that are seen 
could be individual metallic W nucleation points which came into existence sometime in-flight of 
the particle. Their nano-size could be explained by the local availability of diffused W at the 
instance of their nucleation. The melting temperature of metallic tungsten is 3687 K [144] which 
is notably higher than the temperatures that particles experience in the HVOF jet. Although this 
melting point is expected to be decreased due to the interaction with Co and C species, it is not 
inconceivable that it will stay high enough so that once tungsten crystalizes on the particle-gas 
interface, it will remain solid until particle impingement. 
 
Figure 5.37 Left: region of an exposed intersplat gap with what appears to be a W-shell, demonstrating nano-globules, 
Right: Montage of eight images (step size 50 nm) featuring the W-shell. 
 Chapter 5. Microstructure, Phase Composition and Decarburization 
 
187 
 
 
Lastly, in Fig.5.38 the 3-dimensional morphology of a highly decarburized WC grain is presented. 
Initially, only individual crystallites of W2C are seen, which grow denser as they approach the WC 
grain. They seem to grow epitaxially, on the surface of the WC grain, following a columnar 
structure, extending radially outwards from the WC grain, in all directions. This observation is in 
agreement with [50].  
 
Figure 5.38 Montage of twelve images (step size 50 nm) featuring the three-dimensional morphology of the W2C that 
has grown on a WC grain. 
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5.10 Summary  
 
• WC Vol.% is negatively affected by oblique spray angles due to the associated rebounding, 
this applies for all spray distances. 
• WC Vol.% is most sensitive to the effect of spray angle at short distances owing to the lack 
of thermal softening of the binder. 
• There is an improvement in the distribution of WC from 900 to 750 in coatings sprayed at 
170 and 240 mm of spray distance. The opposite is seen for coatings sprayed at shorter 
distances. This is due to two factors occurring at 750 and long spray distances: 
o Better mixing of phases under oblique deposition, enabled by the increased particle 
thermal softening. 
o 750 of spray angle is not oblique enough to cause any noticeable rebounding of WC. 
•  Short spray distances are more sensitive to the negative effects of oblique spray angles 
regarding the binder mean free path, while coatings sprayed at 240 mm seem to be relatively 
unaffected. This is explained by the proposed WC-cluster rebounding mechanism. 
• WC in the starting powder is mainly aggregated in clusters that preferentially disengage 
from the particle and rebound upon impingement, due to the lack of thermal softening in 
the binder phase. This explains the behaviour of binder mean free path, WC Vol.% and 
deposition rate that is demonstrated by coatings sprayed at short distances. 
• Larger WC grains are more susceptible to rebound under oblique deposition from smaller 
WC. 
• Apart from the extreme spray angle of 300, generally coatings sprayed at shorter spray 
distances demonstrate higher WC Vol.% and shorter mean free path than coatings sprayed 
at longer distances. This is because of the complete thermal dissolution of the smallest WC 
that occurs in the longer spray distances. 
• Gun traverse speed does not affect meaningfully the WC Vol.% of their distribution in the 
microstructure. 
• The oxygen content in the microstructure is mildly negatively affected by spray distance 
and oblique spray angles due to the extended reaction dwell time in-flight and the 
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preferential deposition of phases with thermal history that enabled such reactions 
respectively.  
• Gun traverse speed was revealed to have a strong positive correlation with the oxygen 
detected in the microstructures. This was attributed to the superficial oxidation that occurs 
as the spray plume blazes over the coated surface. Concerning this superficial oxidation, 
there are two conflicting mechanisms that are active in parallel: 
o Faster spray scan speeds lead to less heat transfer (per unit area) between the flame 
and the coated surface, resulting in a less favorable condition for oxidation. 
o On the other hand, faster spray scan speeds result in higher number of spray scans 
(oxidisable coating layers) required to build-up the final coating since the thickness 
of each layer is exponentially reduced with higher gun traverse speeds. 
In that manner, the cumulative oxygen content is higher in coatings that are sprayed by 
faster spray scans. 
• Coatings sprayed at longer distances presented more decarburization, associated with the 
longer dwell time in the HVOF gas. 
• Coatings sprayed at oblique angles presented more decarburization in the microstructure, 
even though they were sprayed at the same spray distance. This is explained by the 
progressive preferential deposition of thermally softened phases, as the spray angle gets 
more oblique. 
• Gun traverse speed controls η-phase growth by annealing experienced by the coating during 
deposition, via the effective heat transfer on the preceding coating layers, which is a 
function of the thickness of those coating layers. 
• Metallic tungsten, a known product of extensive thermal dissolution and decarburization of 
WC, is identified in continuous rim structures of 100 nm in thickness, running along the 
splat boundaries of the smallest splats in the microstructure. This morphology cannot result 
from crystallization that occurred after the splat formation due to (i) its isomorphic nature 
and (ii) the absence of any plastic deformation of the small splats that demonstrate such W-
rims, suggesting that they were solid at impingement. Metallic tungsten is crystalised on 
the exposed binder surface of the smallest particles during the in-flight stage. Such re-
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crystallization in flight is enabled by the high specific surface area of those small particles 
and the volatile temperature profile in the HVOF jet.  
• FIB sectioning studies confirmed that the observed metallic tungsten rim-structures are in 
fact W-shells, extending along the splat boundaries. 
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CHAPTER 6  Surface Roughness and Tribological Properties of the 
Coatings 
 
 
 
6.1 Introduction 
 
This Chapter aims in advancing the understanding of the effect and interplay of the spray kinematic 
parameters, in regards of the surface roughness, sliding wear performance as well as correlating 
the tribological behaviour of the coatings with their microstructural and mechanical properties that 
are discussed in chapters 4 and 5. Moreover an in depth on the mechanisms of wear that occur and 
how they are promoted or inhibited by the coatings properties takes place. The wear resistance of 
hardmetal coatings is the ultimate performance test since they are destined to serve in intense wear 
conditions. 
  
6.2 Surface Roughness of the Coatings 
 
Table 6.1 presents the surface roughness results for all the examined coatings and Fig.6.1 and 
Fig.6.2 show a plotted version of the results to facilitate comparison among the coatings. The 
surface roughness results were produced by the traverse of a stylus of 2.5 μm radius over the as-
coated surfaces. Five measurements were considered for each coating. Even though for most real 
world applications coatings will go through a separate surface finish stage that will ensure, uniform 
surfaces for the coated part, it is interesting to see if the spray kinematic conditions alter the surface 
roughness of the coatings.  
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Table 6.1 Surface roughness results for all coatings. 
Surface roughness, Ra (μm) 
Linear experiments 
Stand-off 
distance 
Spray angle 
900 750 600 450 300 
120 mm 2.13±0.07 2.03±0.11 1.89±0.08 1.75±0.05 2.18±0.14 
138 mm 2.13±0.03 2.08±0.087 1.92±0.06 1.85±0.11 2.17±0.07 
170 mm 2.4±0.07 2.51±0.1 2.22±0.09 1.86±0.06 2.26±0.05 
240 mm 3.84±0.16 3.28±0.08 2.68±0.13 2.21±0.07 1.88±0.04 
Constant 
900 
120 mm 
Gun traverse speed 
502 mm/s 670 mm/s 2010 mm/s 
2.13±0.07 2.18±0.04 1.97±0.09 
Rotating-plane experiment 
 Coating name 
S1 S2 S3 S4 S5 
2.3±0.25 2.11±0.08 1.8±0.19 1.9±0.045 2.1±0.05 
 
 
From Fig.6.1 it is indicated that spray distances of 120, 138 and less so 170 mm are mildly affected 
by the spray angle, in terms of the coatings’ surface roughness. The aforementioned coatings 
present slightly smoother surface as the spray angle is decreased from 900 to 450. After 450, this 
trend is reversed and all the coatings (sprayed at 120, 138 and 170 mm) exhibit a notable increase 
in the surface roughness, in agreement with [8].  
Looking at the behaviour of coatings sprayed at 240 mm in Fig.6.1, a different behaviour is 
demonstrated. At normal spray angle, the surface roughness (Ra=3.84±0.16 μm), is significantly 
above what is seen for all the other spray distances (Ra=2.1 to 2.4 μm). From then and onwards, 
an approximately linear improvement in the surface finish is seen until 300 of spray angle. There 
is no change in the behaviour of surface roughness occurring at 450 to 300, like the one seen for the 
rest of the coatings. A similar trend is seen in [9] where fine powders WC-Co of similar size to the 
ones used in this work is sprayed via HVOF. 
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Figure 6.1 Influence of spray angle and spray distance to the surface roughness of the coatings. 
 
Regarding the effect of gun traverse speed, the surface roughness of the coatings seems to be 
relatively unaffected, considering the measurement scatter (Fig.6.2). 
 
Figure 6.2 Influence of spray gun traverse speed to the surface roughness of the coatings. 
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Although the exact mechanisms that control the surface roughness in the as-sprayed surface are not 
known, it is safe to suggest that it is a function of the (i) splat formation and solidification kinetics 
and how they interact with the high velocity gas streams that impinge on the coated surface and (ii) 
erosion caused by rebounding particles. The two radically different behaviours seen in Fig.6.1 
suggest that a different underlying mechanism is responsible for each one of them. Yet, in the 
discussion of both, the effects of the particles size distribution should be considered. At each spray 
distance there will be impinging particles arriving at the target are different temperatures, velocities 
and states, all governed by their size and shape and their respective interactions with the HVOF 
jet. Thus, the discussion should be conducted keeping in mind that what really changes with each 
iteration of spray distance or angle, is the effective fraction of particles arriving at the target at a 
different state. 
Starting from the short spray distances, it has been demonstrated that there is significant rebounding 
of WC and WC-clusters, especially in the angular range of 450 to 300 (section 5.4). At short spray 
distances, the larger fraction of the impinging particles arrives at a solid state although the Co 
binder is expected to be softened at 1500 K (section 4.2). The degree of temperature related 
softening of the Co binder is progressively higher with longer spray distances. Also, the fraction 
of the particles that arrive in a molten state at the target surface is progressively larger, with 
increasing spray distance. Also, particles that arrive in the shortest spray distances exhibit the 
highest velocities (section 4.2).  
In light of the above and the discussion in section 4.5, particles impinging at 120 mm, at 900 
generate the highest normal loads in the pre-deposited coating. In the same section (4.5) it is seen 
that, at short spray distances, the compressive residual stresses are most sensitive in the effect of 
spray angle, showing a notable reduction for angles smaller than 600. The relatively low levels of 
surface roughness that are seen in Fig.6.1 for the spray distances of 120, 138 and 170, for up to 
450, can be explained by the suggestion that the kinetic energy of the impinging particles (stemming 
from the normal component of their velocity) is adequately large so that a critical fraction of them 
is able to deform plastically and form a splat upon impact, obscuring efficiently any erosion caused 
by less energetic, solid particles. For spray angles smaller than 450, the fraction of rebounding 
particles (and/or WC clusters and large WC) is drastically higher due to the excessive losses in 
their normal velocity component, associated with oblique impact. As a result, solid particle erosion 
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progressively becomes more evident, leaving a rougher coating surface after the last pass of the 
spray gun.  
Concerning the roughness behaviour of coatings sprayed at 240 mm (Fig.6.1), there can be no 
erosion, since the in-flight temperature measurements in section 4.2 and high levels of 
decarburization that is seen in the respective microstructures (section 5.7-5.8) are indicative of Co 
melting in-flight. Thus, solid-to-solid impacts that yield erosion are excluded. With respect to the 
lower particle velocities and higher fraction of particles arriving softened/molten at the target 
surface, at this spray distance, it is proposed that the apparent improvement to the surface roughness 
(Fig.6.1) is attributed to the progressive increase in the splat aspect ratio, associated with the 
tangential component of velocity at impact. Specifically, when dealing with molten particles, the 
normal component of velocity has little effect overall, since their deformation and adhesion to the 
surface requires minimum energy. On the other hand, the tangential component of velocity dictates 
the elongation of the splat and, as a result, the better mixing of phases in the coating. A proof of 
this behaviour can be found in section 5.3.1, where the Co-lakes disappear after 750 of spray angle, 
owing to the better distribution of WC and the binder phases. In such a way, the surface of coatings 
becomes progressively smoother, as the spray angle becomes more oblique, due to the fact that the 
obliquely impinging particles will yield flatter splats. Additionally, considering the WC exposing 
that takes place in molten particle impingements [53] (relevant only to the case of 240 mm spray 
distance), it is not inconceivable that the oblique deposition creates progressively stronger high-
velocity gas flows tangential to the substrate plane, which are able to remove protruding larger WC 
or larger protrusions via the drag force that it exerts on them. 
 
6.3 Preliminary Dry Sliding Tests 
 
The large number of coatings to be tested in sliding wear (i.e. up to 66 coatings, including the 
duplicate and triple runs) made it critical that the sliding distance is as short as possible, considering 
the timescale and available resources. An additional reason why the sliding distance and vertical 
load of the wear tests should be kept at a reasonably low level was that the coatings examined in 
this work differ substantially in terms of quality and coating thickness with each other. In light of 
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that, the wear test had to be adequately aggressive to cause observable damage to the best coatings 
but not too aggressive to destroy/remove the weakest/thinnest ones.  
The choice of sliding distance is an important consideration because a steady state wear regime 
must be achieved for all coatings in order to have a reliable comparison among them. It was 
previously established that HVOF and HVAF cermet coatings have been successfully tested in dry 
sliding conditions in distances as short as 1099 m [24], so it was decided to explore the viability of 
a low-load dry sliding test of 1000 m as a reliable way to reach steady state wear in the coatings 
examined herein. 
In order to confirm the adequacy of the test, the best and worst coatings (in terms of microhardness), 
were tested for 3000 m, and mass loss measurements were taken every 750 m. This would provide 
the necessary insight on the state of wear rate. Fig.6.3 shows the mass loss measurements versus 
the sliding distance for the coating sprayed at120 mm, 900, 502 mm/s, which is the coating with 
the highest microhardness measurement (table 4.6) while Fig.6.4 shows the same results for the 
coating sprayed at 240 mm, 900, 502 mm/s, which displayed the lowest microhardness among the 
examined coatings. With reference to Fig.6.3 and Fig.6.4, it is seen that although initially (0-750 
m) the wear rate appears to be somewhat higher, the wear rate reaches a steady state (750- 3000 
m) well before the 1000 m mark in both coatings. This indicates that the selected wear test 
conditions are able to produce reliable measurements for the unbiased comparison among the 
coatings. 
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Figure 6.3 preliminary dry sliding test of coating 120 mm, 900, 502 mm/s (highest microhardness). 
 
 
Figure 6.4 preliminary dry sliding test of coating 240 mm, 900, 502 mm/s (lowest microhardness). 
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6.4 Dry Sliding Results (Specific wear rate and Friction) 
 
Only coatings from the linear experiments were examined in terms of their sliding wear resistance. 
Coatings from the rotating-plane experiment were not included in the wear tests since it is 
impossible to maintain constant kinematic parameters on a unit surface on them, due to the nature 
of the experiment. Table 6.2, presents the specific wear rate (with standard error of measurement), 
the average friction coefficient (with the standard deviation) and the total mass loss measurement 
for each coating with its respective name and kinematic conditions. It should be noted here that the 
mass loss measurements do not reflect accurately the severity of wear damage that is sustained by 
the coating since any wear debris that is not removed from the wear track will not be accounted 
for. Additionally, any new phases that are formed on the sliding interface such as tribo-oxides may 
also interfere with the mass loss measurement. For these reasons, the volume loss measurements 
and not the mass loss should serve as a measure for the wear damage sustained by the coatings. 
Coating a1 has been sprayed at the optimum conditions in terms of minimum in-flight heating of 
particles and maximum normal component of velocity at impact (sections 4.1 and 4.2) producing 
the optimum microhardness, porosity, WC Vol.% (sections 4.6, 4.7 and 5.2). This suggests that 
coating a1 will outperform the other coatings in terms of minimum specific wear rate, under the 
mild wear conditions employed. On that basis, the wear performance of coating a1 can be used as 
a reference point regarding the effects of spray distance and spray angle. Indeed, as table 6.2 shows, 
coating a1 presents one of the lowest specific wear rates but it is not the lowest. Coating b2 seems 
to have the lowest specific wear rate from all the samples. The specific wear rate of coating a1 is 
in agreement with relevant literature [24,43,94,95,100] where various WC-Co coatings and WC-
based cermets [91,145] are HVOF and HVAF sprayed and tested in similar dry sliding conditions.  
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Table 6.2 Specific Wear rate and COF results for all the examined coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig.6.5 the specific wear rate results of table 6.2 (except f2 and f3) are plotted against spray 
angle. Coatings sprayed at distances of 120 and 138 mm demonstrate similar trends throughout the 
examined spray angles. Specifically, the angle inclination from 900 to 750 does not seem to affect 
the specific wear rate at these spray distances. However, for spray angles more oblique than 750, a 
notable and progressive incline in the specific wear rate is observed that continues until the spray 
angle of 300. This common behaviour is somewhat expected since the spray distances (120 and 138 
mm) do not differ as significantly as with the rest examined and the microhardness results were 
also in similar levels (section 4.7). 
Sample 
name 
Gun 
trav. 
Speed 
(mm/s) 
Stand-
off 
Distance 
(mm) 
Spray 
angle 
(deg.) 
Specific 
wear rate (× 
10-7 mm3m-1 
N-1) 
Average 
Friction 
coefficie
nt (μ) 
Total 
mass 
loss (g) 
a1  502 120 900 0.52±0.1 0.36±0.08 0.0008 
a2 502 138 900 0.59±0.07 0.35±0.08 0.0005 
a3 502 170 900 1.2±0.15 0.42±0.11 0.0007 
a4 502 240 900 2.81±0.6 0.55±0.12 0.0013 
b1 502 120 750 0.57±0.02 0.4±0.11 0.0006 
b2 502 138 750 0.49±0.03 0.36±0.08 0.0011 
b3 502 170 750 1.25±0.26 0.43±0.1 0.0007 
b4 502 240 750 2.14±0.4 0.53±0.1 0.0011 
c1 502 120 600 0.82±0.02 0.39±0.7 0.0013 
c2 502 138 600 1.06±0.19 0.32±0.14 0.0007 
c3 502 170 600 1.6±0.06 0.40±0.14 0.0007 
c4 502 240 600 2.45±0.54 0.53±0.12 0.0012 
d1 502 120 450 0.91±0.11 0.34±0.1 0.0008 
d2 502 138 450 1.04±0.03 0.41±0.09 0.0009 
d3 502 170 450 2.06±0.41 0.42±0.1 0.0008 
d4 502 240 450 3.23±0.47 0.53±0.08 0.0015 
e1 502 120 300 1.74±0.06 0.41±0.09 0.0018 
e2 502 138 300 1.46±0.06 0.5±0.08 0.0026 
e3 502 170 300 2.66±0.65 0.52±0.08 0.0021 
e4 502 240 300 3.93±0.48 0.57±0.3 0.0026 
f2 670 120 900 0.53± 0.02 0.39±0.07 0.0007 
f3 2010 120 900 0.93±0.06 0.45±0.09 0.0008 
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At 170 mm of spray distance, all the coatings present clearly elevated specific wear rates from the 
shorter spray distances, at all spray angles. The effect of spray angle is mild between 900 and 750 
degrees (5% increase) and becomes more evident at smaller spray angles until 300 (rise with a 
steady rate of 30% per spray angle iteration). Further elevation of the specific wear rate levels 
occurs by increasing spray distance at 240 mm, where again, irrespective of spray angle, all the 
concerned coatings showed increased volume of debris production than the ones sprayed at shorter 
spray distances. Moreover, the influence of spray angle at 240 mm is considerably different than 
shorter spray distances. Unexpectedly, there is a notable improvement in the wear resistance from 
900 (a4) to 750 (b4) of spray angle, where the specific wear rate is reduced by 23% (Fig.6.5). Then, 
for spray angles more oblique than 750, specific wear rate is increased steadily at 15-30% per angle 
iteration. Coating e4 exhibits the worse wear resistance with a specific wear rate more than six 
times higher than coating a1. The behaviour of specific wear rate between 900 and 750 that is seen 
form the spray distance of 240 mm can be attributed to the respective changes in microstructure 
(section 5.3.1) and mechanical properties (section 4.7) of the coatings sprayed at 240 mm. 
 
Figure 6.5 Specific wear rate values of the linear experiments that probe in to the interplay of spray distance and 
spray angle. 
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The fact that the measurement scatter is also seen to increase as the spray distance gets longer infers 
information about the wear mechanisms involved. A large measurement scatter is an indication 
that the volume loss measurements were widely different, while a small measurement scatter 
suggests the opposite. In the cases of measurements with significant scatter, it can be inferred that 
sites with large cavities/spallations existed on the wear track.  
Concerning the influence of gun traverse speed to the specific wear rate, a mild but clear increase 
can be observed in Fig.6.6. So far, it has been demonstrated that the WC content and distribution 
(sections 5.2 and 5.3) and microhardness (section 4.7) are mildly negatively affected by faster 
spray scans. The same applies to porosity (sections 4.6). In regards to the phase composition of the 
coatings, it was shown in (sections 5.7.2), that faster spray scans resulted to the recrystallization 
of the amorphous binder to η-phases (Co6W6C) via the effective annealing effect they had in the 
pre-deposited coating layers. Yet, it is known that both η-phases and amorphous Co-rich binder are 
brittle thus the role of this effect to the wear performance of the coating is not clear. However, 
compressive residual stresses are negatively affected by increasing traverse speed (section 4.5) at 
the range of 670-2010 mm/s (same range as the increase in specific wear rate is seen in Fig.6.6), 
which could be a reason behind the mildly elevated wear at faster scan speeds. In addition, the 
increase in oxygen content in the coatings which were sprayed at faster scan speeds via post-impact 
formation of superficial CoWO4 and WO3 (section 5.6) is also a prominent explanation for the 
incline in specific wear rate in Fig.6.6. Although it was indicated that the oxide scales were of 
minute thickness of (less than 10 nm) or inhomogenously distributed for most of the coatings 
(section 5.6), it may be the case that they are adequate in weakening the shear strength of the 
coating and act as favorable sites for crack initiation and propagation. Moreover, it was seen that 
as the gun traverse speed gets higher, the frequency of those slightly oxidized layers increased in 
the coating microstructure. This would result in reducing the maximum distance between them and 
the critical coating depth, in which the maximum shear stresses occur in dry sliding conditions 
[37,98], facilitating crack initiation. This realization further supports the suggestion that the 
apparent increase in the specific wear rate with higher gun traverse speed is, at least in part, due to 
the associated higher number of superficially oxidized films in the microstructure. 
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Figure 6.6 Specific wear rate versus the gun traverse speed. 
The COF values will be discussed and correlated with the wear mechanisms in section 6.9 
 
6.5 Macroscopic Examination of Wear Tracks 
 
The wear tracks appeared to display a variety of different macroscopic features in their 
morphology. The extent of coverage by wear debris, the wear track width, the frequency, size and 
shape of the surface cavities, all are important features that give insight on the wear damage 
progression. Thus, it is of interest to qualitatively observe and quantitatively correlate these features 
with the wear performance of the coatings. In Fig.6.7 a collection of images of the wear tracks 
taken with the optical microscope is presented, aiming to reveal any trends in the development of 
the macroscopic morphological features of the wear tracks. The darker material that is seen lying, 
in different quantities, on the wear tracks in Fig.6.7, is a mix of deformed wear debris that is 
commonly referred to as “transfer” film or “tribofilm” [95]. It has been established that the 
tribofilm originates from the oxidation, compaction, deformation and sintering of wear debris that 
has been trapped between the sliding surfaces and has been smeared over the wear track, intruding 
in any surface cavity that resulted from preceding material loss [37,51,86,95,96,104]. EDS and 
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XPS examination in section 6.7 confirms that the observed tribofilm is composed by mainly Co 
and W oxides and variable traces of the Al2O3 counter-body.  
Starting from the most obvious macroscopic features, such as the amount of tribofilm on the wear 
tracks, the coatings presented in Fig.6.7, can be categorized in three groups. First, coatings that 
present only isolated traces of tribofilm, residing in discrete cavities on the wear track. These are 
coatings a1, b1, a2, b2, c1, c2 and marginally d1. Then, there are the coatings that demonstrate 
clearly more tribofilm and, more importantly, the tribofilm formations stop being discrete, but 
rather span over continuous zones along the wear track trajectory. The irregular shape of those 
tribofilm zones, suggests that they originate from the merging of individual tribofilm “lakes” that 
are located in discrete cavities, along the wear track. Coatings that exhibit such tribofilm features 
are d1 (marginally), e1, d2, a3, b3, c3 and d3 (Fig.6.7). Finally, the third group of coatings consists 
of the coatings that are characterized by complete/almost complete tribofilm coverage of the wear 
tracks. These coatings are e2, e3, a4, b4, c4, d4 and e4. Considering the coatings f2 and f3, that 
evaluate the isolated effect of the gun traverse speed (Fig.6.8), f2 belongs to the first group of 
tribofilm coverage, as defined above, and f3 to the second group.  
 It is also interesting that the size and frequency of cavities/pits on the surface of the wear tracks 
(darkest spots on the wear tracks in Fig.6.7 and Fig.6.8) are both increased, qualitatively, with the 
escalation of tribofilm coverage. This correlation can infer valuable insight on the origin of the 
apparent tribofilm and its mechanism of formation, which will be discussed in detail in section 6.8. 
Another morphological aspect is the development of the width of the wear tracks. Although some 
variations occurred in the wear track width, along the trajectory of the wear track, qualitative 
evaluation indicates that the wear track width is positively correlated with both increased spray 
distance and oblique deposition, implying increase of the severity of the sliding wear.  
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Figure 6.7 OM images of the wear tracks of the linear experiments probing into the interplay of spray distance and 
angle. 
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Figure 6.8 OM images of the wear tracks of the linear experiments examining the effect of gun traverse speed. 
 
6.6 Microscopic Examination of Wear Tracks 
 
Starting from the group of coatings that displayed minimum tribofilm on the wear tracks and low 
specific wear rate values, Fig.6.9, features SEM images from the wear track on coating a1. The 
images at Fig.6.9a, b, c, and d have been captured at an incidence angle of 700 between the primary 
electron beam and the coating surface plane. This aims to evaluate the third dimension of the wear 
track morphology by highlighting any protrusions or pits/valleys. In Fig.6.9a the wear track edge 
is included in the image in order to capture the contrast between the worn and un-worn coating 
surface. The selective binder extrusion that occurs in the dry sliding of hardmetals [89] is evident 
by the carved morphology of the wear track, versus the unworn coating surface. Inside the wear 
track the surface morphology is characterized by the prominent WC gains whilst, outside the wear 
track, the coating surface has a notably smoother finish. The carved morphology that results from 
the extrusion of the binder can be seen in better detail in Fig.6.9. b, c, and d.  
The ways in which the WC grains are removed in coating a1 are either via isolated WC pull-out 
(Fig.6.9c), or by the removal of larger portions of coating and the creation of larger pits on the 
wear track (Fig.6.9e). WC pull-out can be explained by the gradual loss of support of the 
surrounding binder, as it is selectively extruded beforehand. The small cavities that indicate 
individual WC removal are much more frequent on the wear track of coating a1, than the larger 
pits.  
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The larger pits themselves, can originate either via the unification of adjacent smaller cavities that 
were created by WC pull-outs (like seen in Fig.6.9.d), or via the delamination and removal of larger 
pieces of coating at once. The latter most probably occurs via the joining of fatigue-related surface 
and subsurface cracks, caused by the repetitive shear and normal loads of the sliding body. In the 
case of coating a1, both transgranular (considering the WC grains) and intergranular cracks have 
been seen to co-exist. If the fatigue-propagation of these cracks follows the boundaries of the splat, 
then a whole-splat removal could occur, leaving a larger pit behind.  The propagation of cracks via 
the splat boundaries may be the energetically favorable route when brittle phases (oxide scales) 
exist on the splat boundary, or when the intersplat bonding is not adequate. However this is not the 
case for coating a1, since both transgranular and intergranular cracks are seen. The fact that 
transgranular cracks exist indicates (i) the high bond strength of the binder-WC couple, (ii) the high 
bond strength between the neighboring splats and (iii), the adequately high toughness of the binder 
phase that makes the fracture of WC preferable to the intergranular propagation of the crack. 
Generally, the sites where larger cavities (than the WC pull-out can justify) existed, were rare on 
the wear track of coating a1. Moreover, they appeared to be filled with compacted and smeared 
wear debris (tribofilm), like the cavity seen in Fig.6.9.e. Moreover, the wear debris found in such 
cavities showed evidence of WC fragments (smaller than 1 μm) being engulfed in it, probably 
originating from the fracturing of pulled-out WC grains that got trapped in the sliding front 
(Fig.6.9.e). In some occasions, individual grooves of such submicron WC abrasives were identified 
on the exposed surface of the wear debris (Fig.6.9.e). The fact that groves were able to form on the 
wear debris indicates its ability to plastically deform in order to accommodate shear stress. 
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Figure 6.9 SEM SEC images of coating a1 (900,120 mm, at 700 of tilt angle) a) wear track boundary, b) wear track 
featuring prominent WC grains and Co-binder extrusion, c) wear track featuring isolated WC pull-outs, d) wear 
track featuring WC pull-outs that joined to form a larger pit, e) BSE image featuring larger pit filled with wear 
debris with visible grooves, f) BSE image featuring surface transgranular and intergranular cracks. 
 
Besides WC pull-outs via the progressive loss of support by the surrounding binder that is seen in 
Fig.6.9c and d  and described in [89], two other primary mechanisms of superficial WC removal 
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on the wear track have been observed in coatings sprayed at short spray distances and near-normal 
spray angles (a1, b1, a2, b2). The first one concerns the survival of regions with very high ratio of 
WC to Co binder (WC-clusters) in the coating’s surface, which results in inadequate support of the 
embedded WC grains due to the scarce surrounding binder. As discussed in section 5.4, the WC-
clusters originate from structure of the starting powder particles. Such WC-clusters are easily 
identifiable in Fig.6.10a, where WC appears much brighter than Co owing to the backscatter image 
that highlights heavier elements. It was demonstrated in section 5.4 that these WC clusters are able 
to survive in the coatings microstructure. This was most evident in the coatings that were sprayed 
at short spray distances due to the difficult disengagement of the clusters owing to the low particle 
temperatures at impact. On such sites were a WC-cluster lies in the microstructure can be seen in 
Fig.6.10b. It is revealed in Fig.6.10c that WC-clusters in the sliding interface are favorable points 
for the initial removal of unsupported carbide grains. Finally, some surface WC grains fracture due 
to overwhelming local contact stresses. Such fractures lead to the progressive detachment and 
removal of the fragments due to not adequate support (Fig.6.10c) and are promoted when loose 
WC grains act like third-body abrasives during sliding.   
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Figure 6.10 a) BSE SEM image of a powder particle featuring WC-clusters, b) SE SEM image of WC clusters in the 
microstructure of coating a1, c) SE SEM image of the wear track of coating a1 featuring WC loss via fracture and 
cluster dismantling. 
 
The wear tracks of coatings sprayed at oblique spray angles and short spray distances (120 mm) 
showed a progressive growth in the frequency and size of the tribofilm-filled cavities on their 
surface (Fig.6.11a and c). A corresponded increase in the frequency of superficial cracks was also 
observed with increased spray angle (Fig.6.11b and d). The fact that superficial cracks are 
observed on the wear track suggest that the mechanism of large spallation of coating is still active 
at the end of the wear test (after 1 Km of dry sliding), since the surface cracks can be considered 
as precursors to the fatigue-related spallations. The cracks continued to be transgranular and 
intergranular up to the coatings sprayed at 450 (Fig.6.11b). The fact that coating e1 (120 mm, 300) 
displayed only intergranular cracks indicates that there was a significant change in the toughness 
of the binder phase, intersplat cohesion, or both. Of course this is expected after all the 
microstructural and mechanical effects that the spray angle brings to the coatings that are sprayed 
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at short distances that were discussed in detail earlier (Chapter 4 and 5). Further correlation and 
analysis of the influence of all the kinematic parameters to the wear behaviour of the coatings takes 
place in section 6.8. Moreover, looking at coating e1 (300, 120 mm) in Fig.6.11c, a continuous 
zone of tribofilm appears to form along the wear track. This is an important observation because it 
reveals information on the initiation of the tribofilm build-up.  
 
Figure 6.11 SEM images of coatings d1 and e1 a) view of the wear track of coating d1, b) BSE image, transgranular 
and intergranular cracks on the surface of coating d1, c) view of the wear track of coating e1, d) intergranular 
cracks on the surface of coating e1. 
 
In regards to the tribological behaviour of coatings sprayed at longer distances, again, the decrease 
in the overall wear resistance that was seen in Fig.6.5, is reflected to markedly more pits and surface 
cracks on the wear track. Moreover, extensive wear damage on the coatings that were sprayed at 
240 mm allowed for the examination of the rich tribofilm layer produced, which presented radically 
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different features from the limited tribofilm seen up until now (caused by oblique spray angles, at 
short spray distances).   
In Fig.6.12, selected sites from coatings that are sprayed at 900, and different spray distances are 
presented. In Fig.6.12a, a view from the coatings sprayed at 138 mm shows evidently more 
frequent pits, filled with wear debris, than coating a1 (Fig.6.9) ,at only 18 mm of spray distance 
increase. In b, a site from the coating sprayed at 170 mm is examined, that does not present 
complete tribofilm coverage. Cracks and WC pull-outs can be identified on the wear track, 
suggesting that the same mechanisms that were seen in coatings sprayed at shorter distances (with 
superior wear performance), are still active. Although, individual larger WC were seen to fracture, 
the cracks on the wear track of coating a4 (170 mm, 900, 502 mm/s), were mostly intergranular. 
This is an indicator of the weakening of the binder phase, providing a preferential route for the 
fatigue cracks to propagate, avoiding the WC in their way. In the same subfigure (Fig.6.12b), the 
wear debris that is filling the pits, has engulfed some smaller WC particles, which originate from 
the fracturing and smearing of larger WC grains. Such WC micro-grains act as third body abrasives 
during the dry sliding, further damaging the coating. On the contrary, Fig.6.12c examines a site 
from the wear track of the same coating (a4) but this time, with complete tribofilm coverage, which 
shows new morphological features. In detail, beyond the micron-sized WC abrasives, there is a 
large number of nano-WC that are homogenously distributed in the tribofilm. Secondly, sub-
micron surface wave features appear, that extend in a direction normal to the sliding motion. 
Similar wave surface patterns on tribofilm of hardmetal coatings have been identified in [145], 
were they are attributed to near-surface deformation of the tribofilm in order to accommodate 
topically the shear stresses from sliding and in [146] were they are identified as oxides formed 
during the dry sliding. Yet in [146], the observed wavy texture is much larger than the one seen 
here and in addition, the BSE image in Fig.6.12c, reveals no compositional difference between the 
valleys and the peaks of the waves. This does not support the hypothesis that an oxide scale being 
formed selectively in either the peak or the valley of any wave. Thus, the surface wave patterns 
that are seen on the tribofilm layers in this work are attributed to out-of-plane extrusion of the 
tribofilm, in response to the shear sliding stresses.  
In Fig.6.12d an overview of the wear track of coating a4 (900, 240 mm, 502 mm/s) is presented by 
a BSE image, taken at a 700 incidence angle. There is a complete tribofilm coverage and some very 
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large spallations are observed along the wear track. Close-up images to spallation sites from the 
same coating (a4) can be seen in Fig.6.12e and f. Fig.6.12d and e, which are images from the 
secondary electron detector in the SEM provide information only on the surface morphology. On 
the contrary, Fig.6.12f is an image from the backscatter electron detector (BSE) of such a site, in 
which additional information on the structure and composition of the tribofilm can be obtained. 
Specifically, it is revealed that the tribofilm fractures in a brittle manner and spalls off exposing 
the underlying coating and in that way large surface pits are created. Brittle tribofilm spalling is 
consistent over all the coatings that are sprayed at 240 mm of spray distance (a4, b4, c4, d4, e4) 
and is also observed to a lesser degree, on the rest of the coatings that exhibit excessive amounts 
of tribofilm (e2, e3).  
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Figure 6.12  SEM images of coatings a2, a3, a4, a) pits on the wear track on coatings a2 (900, 138 mm), b) BSE 
image, intergranular and transgranular cracks on the surface of coating a3 (900, 170 mm), c) BSE image featuring 
nano-WC debris and superficial waves on the tribofilm of coating a3, d) image taken with a tilted sample (700) view 
of the wear track of coating a4 (900, 240 mm) featuring near-complete tribofilm coverage and a massive spallation, 
e) image taken with a tilted sample (700) view of large pit on coating a4, f) BSE image featuring brittle fracture and 
spallation of tribofilm on coating a4.  
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Revisiting the significant differences in the nature of tribofilm that has been observed insofar, even 
on the same wear track (coating a3 in Fig.6.12b versus Fig.6.12c), it is revealed that the toughness 
of the tribofilm is severely compromised, as the spray distances and spray angle are moving away 
from their optimal values. Looking at Fig.6.13, a tribofilm site from the wear track of coating b2 
(750, 138 mm, 502 mm/s) is featured and its high toughness is evident from the fact that discrete 
grooves made by coarse WC abrasives (Fig.6.13b) are visible; conversly respective tribofilms from 
coatings sprayed at longer distances are seen to crack and spall-off in a brittle manner. Moreover, 
the abrasive WC in the tribofilm from coating b2 (Fig.6.13) are distributed in a “stream-like” 
fashion, following the direction of sliding. This reveals the mechanism of fracture and smearing of 
any large, pulled-out WC that gets trapped (with the rest of wear debris) in the sliding interface. 
The fact that the nano-WC in the tribofilms of less durable coatings (a4, Fig.6.12f) is distributed 
homogeneously indicates that the alteration in the nature of tribofilm must be due to the different 
stage of formation during the wear test. This can also explain that, on coating a4, both tough 
(Fig.6.12b) and brittle (Fig.6.12.c) tribofilm sites co-exist.  
In detail, tribofilms such as the ones seen in Fig.6.12c, e, f were formed at an earlier stage during 
the wear test than the one seen in Fig.6.12b and Fig.6.13. The extra time under wear led to 
progressive milling of the WC debris down to nano-WC and their good distribution in the tribofilm 
is evidence of the extended deformation and mixing they have undergone in the tribofilm, under 
the repetitive passes of the counter body. Longer dwell time under sliding wear led to an increase 
in the thickness of the tribofilm via build-up of additional debris. In turn, a thick enough tribofilm 
was able to accommodate the shear stresses with near-surface, topical deformation that led to out-
of-plane extrusion of tribofilm giving rise to the wavy pattern seen in Fig.6.12c and f. The same 
tribofilm characteristics (nano-WC and wavy surface patterns) are seen on all coatings that present 
excessive amounts of tribofilm on the wear tracks (Fig.3 coatings a4, b4, c4, d4, e4, e2, e3) 
suggesting their extended time under wear.  
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Figure 6.13 SEM BSE images of coating b2 (750, 138 mm) featuring a) a site of early tribofilm formation and b) 
details of individual grooves made my WC abrasive particles. 
 
However, it is strange that the same tribofilms that present brittle behaviour and spalling (coatings 
a4, b4, c4, d4, e4, e2, e3), also exhibit surface wave patterns, at the same locations. That is since 
the formation of a wavy surface morphology would require some toughness, to sustain the plastic 
deformation without cracking. To answer this question, a closer look at the composition and 
microstructure of the tough and brittle tribofilms is required.  
 
6.7 Tribofilm Characterization 
 
In order to probe into the reasons for these two types of behaviour, cross sections of the wear tracks 
were examined. In Fig.6.14, the cross-sections of tribofilm sites from coatings a1 (900, 120 mm, 
Fig.6.14a), a4 (900, 240 mm, Fig.6.14b) and e4 (300, 240 mm, Fig.6.14c, d) are evaluated. Coatings 
a4 and e4 are the extreme cases of stand-off distance and spray angle and show complete coverage 
of tribofilm (Fig.6.7) and evidence of brittle behaviour, as seen in Fig.6.12f.  
Following the observations made in, Fig.6.9e, Fig.6.11b, Fig.6.12b and Fig.6.13 (tough 
tribofilms), micron sized loose WC grains are clearly seen trapped in the tribofilm (Fig.6.14a). At 
the same time, the brittle tribofilms of coatings a4 and e4 (Fig.6.14b, c) show a more homogenous 
structure where individual WC grains are rarely identified. Fig.6.14d is a backscatter image of the 
tribofilm of coating e4 (300, 240 mm, 502 mm/s) that can discriminate against regions of different 
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atomic weight. There, it is revealed that the apparent homogenous microstructure of brittle 
tribofilms is in fact, what appears to be a mixture of sintered individual grains that do not exceed 
100 nm in size. At the same coating (Fig.6.14c, d) cracks are seen to initiate either from the 
tribofilm surface or interface with the coating. Those cracks seem to propagate in all directions, 
including the tangential to the coating plane, forming a network in the tribofilm layer. Specifically, 
in Fig.6.14.d a crack that has initiated from the bottom of the coating seems to split in two 
tangential cracks, after is has found some difficulty propagating through a sub-micron WC grain 
which happened to be on its way. A greater scope of the site featured in Fig.614d is presented in 
Fig.6.14e allowing for a sub-surface crack in the coating itself to appear. Such cracks propagate 
progressively during the wear test and are precursors to large scale material removal (fatigue 
failure). In light of these observations, it seems that the brittle behaviour of the tribofilm stems 
from combination of (i) its nanocrystalized-amorphous structure and (ii) increase in thickness more 
than a few microns so that the sub-surface shear stresses that exist within it become significant. 
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Figure 6.14 Cross sectional SEM images of tribofilms on a) coating a1 (900, 120 mm), b) coating a4 (900, 240 mm), 
c) coating e4 (300, 240 mm) and d) and e) BSE image of tribofilm on coating e4 (300, 240 mm). 
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In terms of the composition of the tribofilms, point EDS analysis over all the examined coatings, 
showed no meaningful correlation between the detected elements and the kinematic parameters. 
All tribofilms presented largely similar compositions with the main constituent being oxygen, 
presumably captured in the triboxides generated during dry sliding. Specifically, Oxygen content 
was found to be at 45-60 at.%, Co at 15-20 at.%, W at 10-15 at.%, C at 2-5 at.% and varying traces 
of Al at 2-13 at.%. The aluminium concentration in the wear tracks did not correlate meaningfully 
with the respective kinematic spray parameters or the wear performance of the coatings. 
Aluminium traces in the examined tribofilms originate from wear debris of the Al2O3 counter-body 
that has transferred and mixed with the tribofilm along the sliding process. At this point it should 
be noted that the point EDS measurements should be interpreted qualitatively since (i) the 
measurements are prone to be affected by the adjacent coating that may be within the interaction 
volume of the electron beam and (ii) inconsistencies in the measurement can be caused by the 
surface potential rise of the examined tribofilm layer, due to its nonconductive nature [147]. 
Furthermore, the scatter of Al concentration in some of the measurements made in some coatings 
proved to be more significant than in the measured Al across the coatings due to the high sensitivity 
of the EDS point measurement to individual Al fragments lying in the interaction volume of the 
electron beam. Such individual alumina fragments can be clearly seen in Fig.6.15, where discrete 
bright spots are identified in the EDS map of Al K. Figure 6.15 presents surface and cross-sectional 
EDS maps of tribofilm sites of coating e4 (300, 240 mm, brittle tribofilm) and a1 (900, 120 mm, 
tough tribofilm). In both coatings, all of the detected oxygens is located in the tribofilm along with 
lower concentrations of Co and W, which strongly indicates (i) that the measured O is captured in 
oxides of the participating elements Co and W and (ii) that the tribofilm is mostly composed by 
these oxides. This confirms relevant literature that supports that tribo oxides of WO3 [86,105] and 
CoWO4 [37,51,94,104] are formed under dry sliding of WC-Co. The fact that both the tough and 
brittle tribofilms appear to have similar composition suggest that its mechanical response is a 
function of its microstructure, rather than its composition. 
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Figure 6.15 EDS maps of and cross section of the tribofilms on coating e4 (300, 240 mm) and a1 (900, 120 mm). 
 
Further evidence supporting the dominance of oxides scales in the composition of the tribofilms 
comes from Fig.6.16, where the same site from the wear track of coating c4 (240 mm, 600, 502 
mm/s) is captured via the secondary detector (SE) and the backscatter detector (BSE). It is clearly 
seen (Fig.6.16a) that the larger tribofilm sites (in terms of area) are overcharging in response to the 
SEM electron beam. This is a clear sign of the non-conductive nature of tribofilm, which is 
explained by its oxide-rich composition. On the contrary, the same image, taken by the backscatter 
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electron detector (BSE, Fig.6.16b) is not affected by the electrically insulative nature of the 
tribofilm because the detected electrons are of higher energy (to the ones detected by SE) and are 
much less affected by charging [147]. 
 
Figure 6.16 Wear track boundary of coating c4 (240 mm, 60, 502 mm/s) a) SE image indicating tribofilm charging 
effect, b) BSE image, free of charging. 
 
The same effect can be seen in more detail in Fig.6.17 where images from the secondary electron 
detector of tribofilm sites are presented for coatings ranging from  900, 120 mm (exp1) to 300, 
240 mm of spray angle and distance respectively. These images are a selection of the point EDS 
measurements that are discussed above. 
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Figure 6.17 Various SEM SE images used for point-EDS analysis demonstrating tribofilm charging effect due to its 
non-conductive nature. 
 
Beyond the EDS measurements, the good distribution of oxygen in tribofilm as revealed by the 
EDS maps and the apparent non-conductive nature of tribofilm sites, the presence of specifically 
WO3 and CoWO4 has been confirmed by XPS analysis of selected wear tracks. Figure 6.18 features 
the W4f and Co2p spectra of the wear tracks of coatings a1 (900, 120 mm), a4 (900, 240 mm) and 
e4 (300, 240 mm). The tribofilms of these coatings are selected because they correspond in the 
boundary conditions of the kinematic parameters studied and, given the similarity of the point-EDS 
measurements among the tribofilms, it can be safely assumed that they provide a good 
representation of all the examined coatings. 
Looking at the W4f spectra in all the wear tracks, the four identified peaks are the W4f7/2 (31.3 eV) 
and the W4f5/2 (33.4 eV) from WC and W4f7/2 (35.3 eV) and the W4f5/2 (37.4 eV) from WO3 or 
CoWO4 [82]. Regarding the Co2p spectra, the two main peaks at 780.7 eV, 796.5 eV represent the 
Co 2p3/2 and Co 2p1/2 peaks of Cobalt oxide at +2 (CoO, CoWO4) and/or +3 (Co3O4) oxidation 
states [82]. CoO and CoWO4 (Co+2) typically present clear satellite peaks at BE 786.3 and 802.6 
eV, while Co3O4 does not because it contains both Co2+ and Co3+.  It is seen that in all the examined 
wear tracks, the satellite peaks in the Co2p spectra (786.3 and 802.6 eV) are clearly seen suggesting 
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a dominance of the Co2+ versus Co3+. Thus, in accordance to the relevant literature [51,86,94,104], 
the presence of WO3 and/or CoWO4 can be confirmed in all the examined wear tracks. 
 
 
Figure 6.18 BSE top views of wear tracks and corresponding W4f and Co2p spectra for the coatings a) a1 (900, 120 
mm), b) a4 (900, 240 mm) and c) e4 (300, 240 mm). 
 
It is notable that the relative intensity between the W4f7/2 and W4f5/2 peaks associated with WO3/ 
CoWO4 and the respective peaks associated with WC from coating a1 (Fig.6.18a) are substantially 
different from coatings a4 and e4 (Fig.6.18b and c) favoring considerably WC against WO3/ 
CoWO4. This observation is closely related to the relative tribofilm coverage and is attributed to 
the increased signal from the exposed WC that is detected in the case of coating a1. Conversely, 
the greater coverage of tribofilm on the wear tracks of coatings a4 and e4 conceals most of WC 
grains from the soft X-rays of the XPS measurement. In turn, this results in a higher detection rate 
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of WO3/ CoWO4 versus WC, which is reflected to the higher peak intensity of the W4f7/2 and W4f5/2 
peaks associated with WO3/ CoWO4 in Fig.6.18b and c.  
 
6.8 Wear Damage Pathways in Low-load Sliding Wear of WC-Co Coatings 
 
A wide range of mechanisms and processes that enable the material loss under dry sliding 
conditions have been observed in the sections above. Moreover theses mechanisms progress in a 
systemic manner, affecting one another. The preferential occurrence of some of those mechanisms 
in respect of coatings with varying degrees of wear resistance has been established from the 
experimental scope of this work. In this section an attempt is made to (i) categorize the observed 
wear mechanisms and their progression into well-defined pathways during the wear phase and (ii) 
correlate the degree of occurrence of each pathway, in respect of the coatings’ deposition kinematic 
parameters. Following the observations made in the microstructural evaluation of the wear tracks 
above, there are two distinct pathways that are proposed for the generation of wear debris and the 
progression of wear damage: 
a) The coating is strong enough to sustain the subsurface shear stresses, generated by the 
sliding counter body, without cracking. In that case, binder close to the sliding interface is 
subjected to plastic flow, and the residual stresses from the coating deposition stage are 
relaxed. As a result, the progressive extrusion of binder outwards is enabled as a response 
to the periodic loading from the counter body [89]. The extruded binder is removed from 
the system leaving the surface WC grains protruding (Fig.6.9b). Eventually, the loss of 
binder support for the surface carbides leads to their removal (WC pull-out as seen in 
Fig.6.9c, d and WC-cluster pull-outs seen in Fig.6.10c). The loose WC will either be 
removed from the system, or get trapped between the sliding interfaces and initiate three-
body abrasion, further accelerating the wear damage. The now abrasive carbides will 
progressively fracture into smaller pieces and occasionally will cause fracturing in other 
carbides, which are still part of the coating, due to overwhelming loading (Fig.6.10). 
Furthermore, three-body abrasion wear due to pulled-out WC, will be most aggressive 
locally to the pull-out origin, since at that stage the loose WC will be at its largest size and 
larger abrasives are more damaging [92]. In that way, the area most adjacent to the pull-out 
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origin and in the direction of the sliding motion will be to most prone to further WC loss 
and so on. Via this mechanism, neighboring pits gradually become enlarged, preferentially 
in the direction of sliding, and eventually merge with each other (Fig.6.9d). Meanwhile, 
the wear debris that is trapped in the sliding interface, is smeared over these dynamic pits 
and is gradually compacted in their cavities, to start forming a tribofilm layer (Fig.6.9e).  
 
b) The coating is not strong enough to sustain the subsurface shear stresses from the sliding 
counter body. This might be for a number of reasons: (i) brittle binder owing to 
nanostructured phases caused by WC thermal dissolution during the deposition of the 
coating, (ii) pre-existing cracks or porosity that will facilitate cracking and (iii) bad splat 
compaction and bond strength that will again facilitate cracking. In these cases, the cracks 
will readily initiate a few microns below the sliding interface, where the maximum shear 
stresses are developed [37,98] and propagate via the route of least resistance (porosity, 
intersplat boundary, brittle binder, W2C) [39,51,148]. When these cracks reach the surface 
of the coating and/or meet neighboring cracks, large pieces of the coating will spall-off and 
be removed (Fig.6.9f, Fig.6.11b, d). Owing to the large-scale material loss that occurs via 
this pathway, the rate of wear debris production is much greater than the one via the first 
pathway (a). As a result, the probability that the wear debris gets trapped in the sliding 
interface and initiate 3-body abrasion leading to a positive feedback loop, is notably higher. 
Thus, pathway (b) results to more aggressive wear damage than pathway (a). 
 
6.9 Early Stages of Tribofilm Formation  
 
In light of the above, the critical factor that dictates whether a coating will develop a tribofilm that 
covers most of its sliding interface or not is the ratio of rate of wear debris getting captured along 
the sliding motion to the rate of wear debris removal from the system. In turn, the rate of the wear 
debris getting captured in the sliding motion is proportional to the overall rate of wear debris 
production. Examining the coatings that present narrow zones of continuous tribofilm extending 
along the wear track (coatings e1, d2, b3, c3 in Fig.6.7  and in more detail, coating e1in Fig.6.11c 
), some crucial insights on the early formation of tribofilm can be extracted. The early tribofilm 
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runs along a narrow zone, in good agreement with the proposed mechanism of accelerated wear 
damage on the adjacent location to existing pits, along the sliding direction, discussed in pathway 
(a). It appears that discrete spallations on the wear track eventually become elongated along the 
direction of sliding until they reach a critical density. When this critical density is achieved, the 
rate of wear debris production (which is directly related with the debris captured in the sliding 
motion) becomes higher than the rate of wear debris removal from the system and in that manner 
increasingly more wear debris gets trapped between the sliding interfaces resulting in the build-up 
of a tribofilm layer.  
With the same rationale, weaker coatings that produce wear debris via pathway (b) are prone to an 
earlier formation of tribofilm during the wear test (owing to the faster debris production), which 
results in greater coverage of tribofilm at the end of the wear test due to the positive feedback loop 
described in pathway (b). In addition, prolonged sliding wear on thick tribofilm will: (i) 
progressively mill the loose WC to nanoscale sizes (Fig.6.12c), (ii) homogenize the phases (oxides 
of the constituting elements, loose WC and traces of Co-rich binder and fragments of Al2O3) into 
a nanostructured phase the via repetitive mixing, plastic deformation and heating/cooling cycles 
(Fig.6.14c, d), (iii) create wavy surface patterns caused by near-surface plastic deformation 
(Fig.6.12c) and (iv) ultimately, when the tribofilm is thick enough, initiate and propagate 
subsurface cracks caused by the shear sliding stresses (Fig.6.14d) and consequently, large scale 
spallation and removal of the tribofilm (Fig.6.12d, e, f). Similar brittle tribofilms have also been 
reported in [46] in which dry sliding of WC-12 Co is evaluated. 
The harder and tougher coatings tend to produce wear debris via the first pathway (a) mainly 
(Fig.6.7 a1, b1, a2, b2). In that way, the wear debris production rate is maintained at low levels 
and, in turn, the initiation of significant three-body abrasion is delayed. Furthermore, the rate of 
debris produced and removed from the system is kept in a healthy balance with sufficient debris 
being removed without the progressive build-up of a tribofilm. Conversely, as the spray angle and 
spray distance gradually compromise the coatings toughness and hardness via changes in 
microstructure, phase composition and compressive stress retention, the occurrence of pathway (b) 
is increased relative to the way they produce wear debris. In that way, three-body abrasion has an 
earlier onset and is more aggressive due to the higher rate of wear debris production (Fig.6.7 d1, 
c2, d2, a3, b3, c3, d3). Finally, the least durable coatings (Fig.6.7 e1, e2, e3, e4, a4, b4, c4, d4) 
  Chapter 6. Surface Roughness and Tribological Properties  
 
226 
 
produce large amounts of wear debris very early in the wear test, almost exclusively via subsurface 
cracking and large scale spallation (pathway b).  Due to that, a thick layer of tribofilm is able to 
form that covers the whole area of the wear track. 
 
6.10 The Role of Spray Kinematic Parameters on the Wear Pathways 
 
Looking at all the coatings in Fig.6.7, it is clear that the two pathways described in section 6.8 
occur concurrently during dry sliding, but to a different extent, in respect to the coating quality. 
The degree of occurrence of each one of these two pathways described above, ultimately depends 
on the coating’s ability to sustain the subsurface shear stresses without initiating and propagating 
any cracks. To that regard, virtually every coating property that is examined in this work has a role 
to play. The carbide thermal dissolution and decarburization, microstructure, porosity, WC Vol.% 
and distribution, residual stresses all dictate the coatings toughness and, most importantly, the 
inadequacy of any single one of those factors is able to detrimentally cancel the contribution of all 
the rest and result in a weak coating. This realization illustrates the multidimensional character of 
a wear resistant coating. 
Considering chapters 4 and 5, the effects of spray distance that are relevant to the tribological 
performance of the coatings are discussed below. First and foremost, the carbide thermal 
dissolution and decarburization that is promoted with longer distances has a detrimental role in the 
strength and toughness of the coatings in three ways. First, the resulting nanocrystalized Co-rich 
binder with abundant W2C and Co-W-C amorphous phases is brittle in nature [1] and facilitates 
fracture. Secondly, in some cases, intense decarburization can cause CO or CO2 porosity in the 
binder phase, originating from the reaction of dissolved species of carbon and oxygen in the liquid 
binder. This was established in [51] where the wear performance of APS sprayed WC-Co was 
evaluated and was reported as an important contributor in the weakening of the coating under shear 
stresses. The same kind of porosity, but notably smaller in size, was identified in the coatings 
sprayed at 240 mm, in this work (Fig.5.31 in section 5.9). Lastly, longer spray distances are 
expected to lose some WC grains via the two mechanisms described below. First, via the exposing 
and removal of the larger WC during the splat formation of a two phase (liquid binder-solid WC) 
particle impact, described in [53]. Secondly, extended thermal dissolution of WC, enabled by the 
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longer dwell time of the particles in-flight, may result in the complete dissolution of the smallest 
WC grains in the particle. The smallest WC grains are most prone to faster complete thermal 
dissolution due to their high specific surface area. Another consequence of the two-phase particle 
impact that is promoted at long spray distances is the insignificant peening stress transfer to the 
coating. To this end, another contributor is the lower particle velocities that are seen in particles 
arriving at the target surface from long spray distances (section 4.2). Compressive residual stresses 
are valuable due to their crack suppression ability, which is needed for the suppression of the wear 
pathway (b), as described in section 6.8. 
 
When an adequately short spray distance is maintained and the issues that are discussed above are 
avoided, the influence of spray angle is also negative to the coatings’ tribological behaviour but in 
a different manner. All the effects of oblique spray angle stem from the resulting relative fraction 
of normal to tangential velocity component. As discussed in chapters 4 and 5, at short spray 
distances, these effects are (i) reduced normal loading from impinging particles that leads to less 
peening stress transfer to the coating and weaker intersplat bonding, (ii) intensified preferential 
rebounding of larger WC grains and WC-clusters, ultimately leading to low deposition rates and 
WC depletion from the microstructure. Variations in spray angle only do not change the dwell time 
in-flight of the particles, thus any thermal decomposition and decarburization processes occurring 
before impact is not affected. However, spray angle does dictate the favorable deposition of softer 
phases/particles to harder ones, owing to the decreasing normal velocity component of the 
impinging particles. Hotter phases/particles are softer than colder ones and in that manner, the final 
coating consist of increasing fractions of thermally affected phases/particles (section 5.7.2).  
Considering the above, coatings sprayed at oblique angles and short spray distances, may be 
depleted of large WC due to rebounding and retain less compressive residual stresses but the binder 
phase is still tougher and with less porosity than the binder of coatings sprayed at longer distances. 
In that manner, sub-surface cracking during sliding wear is restrained, in comparison with the 
coatings sprayed at longer distances. Consequently, the less aggressive first pathway (a) of wear 
(section 6.8) is more evident, even at extreme oblique angles, as seen in the case of 120 mm of 
spray distance. That explains the milder negative effect of oblique spray angles to the tribological 
behaviour, compared with that of spray distance (Fig.6.5 and Fig.6.7). 
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On the other hand, the effect of oblique spray angle in longer distances is less evident, since the 
lower binder yield strength of the impinging particles (owing to their higher temperature) renders 
the role of the normal component of particle velocity, progressively less relevant. In fact, it was 
shown (section 5.3) that the elevated tangential component of velocity (associated with oblique 
deposition) was beneficial in terms of better distribution of the carbides and phases in the end 
coating. Nevertheless, spray angle never ceases to control the biased deposition of softer versus 
harder particles (or fractions of particles). Thus, irrespective of the spray distance, oblique 
deposition of coatings will inevitably result in coatings with higher fraction of brittle amorphous 
binder (that originates from rapid crystallization from liquid state) than if sprayed at the same 
distance but at normal spray angle. In that manner, the isolated effect of spray angle and spray 
distance synergistically contribute to the degradation of the coating’s tribological behaviour. 
Regarding the effect of the gun traverse speed, a mild but clear reduction in wear resistance 
(Fig.6.6) is attributed primarily in the increased oxygen in the coating microstructure via the 
superficial oxidation of the coated layers, which is discussed in sections 5.5 and 5.6. The Co and 
W-based oxides on the splat boundaries are expected to provide energetically easier pathways for 
the propagation of cracks and accelerate the wear damage.  
 
6.11 Effect of Tribofilm on the Tribological Properties of the Coatings 
 
So far, the characterization and mechanisms of formation of tribofilm have been discussed and it 
was found that it is embrittled after prolonged periods under low load dry sliding. However, the 
character of the tribofilm and its role in the sliding wear of hardmetal coatings is far from clear in 
the literature. Certain authors suggest that the tribofilm acts a lubricant under dry sliding, 
decreasing the friction forces and decelerating the wear rate. The origin of the lubricious behaviour 
of the tribofilm is the presence of certain triboxides that have been found to shear easily 
[44,92,146]. At the same time, other authors support the opposite; that the tribofilm is correlated 
with elevated friction forces and does not provide any lubrication or protection for the underlying 
coating [105,149].  
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In order to correlate the tribofilm with the friction forces that were measured during the wear test 
of the coatings, the development of the coefficient of friction (COF) along the sliding distances is 
evaluated for each coating and, consequently, correlated with the amount of tribofilm that was 
found on the wear tracks. The COF is a concise and informative way of evaluating the severity of 
a wear process. The resistance to sliding and the various deformation and damage mechanisms 
involved in it, are all reflected on the COF behaviour. Therefore, in the case of dry sliding on 
hardmetal coatings, high COF indicates aggressive wear and severe damage whereas low COF 
suggest smooth sliding. 
From Fig.6.19, two things should be highlighted. First, all coatings undergo a phase of elevated 
COF that takes place in the first 200 m (μ from 0.5 to 0.6). Secondly, after this phase, the coatings 
can be categorized in two groups: the ones that demonstrate a clear reduction in the level of COF 
(μ is reduced to 0.3-0.45) from the 200 m mark to the end of the wear test, and those that sustain 
the same high levels of COF until the end of the wear test. The initial high COF in dry sliding of 
hardmetal coatings has been widely reported in literature and is associated with the running-in stage 
of the sliding. When the coating first comes into contact with the sliding counter body, the real 
contact area between them is smaller than the apparent one, since micro-asperities in each one will 
not allow for full interfacial contact. During the first hundreds of metres of the sliding test, these 
out-of-plane inhomogeneities are aggressively deformed, fractured and worn away, until the 
contact area is enlarged. As the real contact area between the coating and the counter body is 
increased, the loads are respectively reduced and, at some point, the system reaches equilibrium 
and the wear rate is stabilized [38,92,93]. The fact that all coatings presented this regime with 
elevated COF initially, indicates that the initial sliding interface was imperfect, even though all the 
coatings were mirror-polished prior the wear tests (section 3.3.3.1). 
In the cases of coatings where COF is reduced after 200 m of sliding (Fig.6.18), it means that the 
wear rate is stabilized at lower levels than the running-in stage, where aggressive cracking and 
material removal occurred. Conversely in the cases where COF appears to remain elevated 
throughout the wear test, it can be concluded that the same degree of cracking and material removal 
takes place, as with the running-in stage.  
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If one compares Fig.6.7 and Fig.6.19, a remarkable correlation appears. All the coatings that appear 
to have been fully covered by a tribofilm layer, also demonstrate continuously elevated COF, 
throughout the wear test (coatings e2, e3, a4, b4, c4, d4, e4). It is thus, revealed that the brittle 
character of the tribofilm that was discussed in section 6.8 and 6.9 is responsible for maintaining 
the cracking and material removal to levels similar to the running-in stage of the wear test via a 
perpetual cycle of tribofilm fracture, removal and regeneration.  
 
 
 
Figure 6.19 coefficient of friction vs sliding distance graphs a) coatings sprayed at 120 mm, b) coatings sprayed at 
138 mm, c) coatings sprayed at 170 mm, d) coatings sprayed at 240 mm. 
Aiming to evaluate in more detail the apparent positive correlation between the amount of tribofilm 
on the wear track and the friction coefficient behaviour, image analysis was employed to quantify 
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the apparent tribofilm coverage on the wear tracks ( 501.3 60-6516. -60 06/~ 60-6). In Fig.6.20, the wear 
resistance ( Nb.-60 06-) and COF are plotted against the measured tribofilm coverage of each 
coating. It is seen that both the wear resistance values and COF are well correlated with the 
increasing tribofilm coverage. Wear resistance appears to decline in an exponential decay manner 
while the COF is linearly, positively correlated with tribofilm coverage. Furthermore, the 
horizontal distribution of the data in Fig.6.20 is notable. It appears that the tribofilm coverage 
measurements can be organized in two distinct groups, low to medium tribofilm coverage (17- 44 
%, denoted with black color in Fig.6.20) and very high tribofilm coverage (74- 84 %, denoted with 
red color). There seems to be a gap from 45 to 75 % of tribofilm coverage. That could be explained 
by a non-linear progression of the tribofilm build-up. As suggested in section 6.9, after a critical 
threshold of tribofilm coverage, its development is drastically accelerated, leading to almost-
complete tribofilm coverage. This is reflected in the binary categorization of the end coatings, those 
that reached that critical tribofilm coverage threshold during the wear test (resulting in their 
complete coverage by it) and those that did not.  
 
Figure 6.20 Wear resistance and COF vs tribofilm coverage area % of the wear track. 
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Summarizing, it has been shown that the development of the COF is very well correlated with the 
tribofilm coverage. Coatings presenting a complete and brittle tribofilm, also showed continuously 
elevated levels of COF (Fig.6.19). In addition, Fig.6.20, demonstrates that the tribofilm coverage 
is, in fact, an indicator of aggressive wear damage and does not provide any lubrication, or 
protection in the underlying coatings, due to its brittle nature. Moreover, the type of the correlations 
was found to be non-linear, an observation enabled by the large number of data. 
However, these observations are in direct contradiction with a number of authors that esteem the 
tribofilm as a lubricant in the dry sliding of hardmetals [44,92,146]. The conflicting views on the 
nature and role of tribofilm in hardmetal coatings demands a deeper research on why it is 
considered lubriquous by some. As discussed in section 2.3.5.7.1 , the lubricating property of 
tribofilm is attributed to its high content of tribo-generated oxides and their easy shearing 
properties, namely the Magnéli phase of WO3 and the high ionic potential difference between WO3 
and CoO in CoWO4.  
However, as Wesmann et.al [105] showed, the presence of oxides with lubricating properties in the 
tribofilm does not necessarily yield a lubricous property of the tribofilm as whole. This is because 
the lubricating properties of the Magnéli phase are only active in certain planar orientations which 
can be demonstrated only in epitaxial grown crystals. As discussed in sections 6.7 and 6.9, the 
tribofilm results from a repetitive process that the trapped wear debris undergoes which involves 
deformation, mixing, oxidation, sintering and heating-cooling cycles with inconsistent magnitude 
and location. Out of this dynamic and complex process, the resulting tribofilm has an amorphous-
nanocrystalized structure with dispersed WC nano-grains and various other inhomogeneities, as 
seen in section 6.7.  This microstructure hinders any material property that is sensitive to the crystal 
orientation such as the lubricating properties of the Magnéli phase. Moreover, the high density of 
crystal boundaries in the nano-crystalized structure of the tribofilm appear to preferentially 
propagate cracks than lattice planes shearing. The same can be said for the porous structure of any 
larger WO3 crystal. The distribution and degree of porosity found in WO3, might provide a more 
favorable way to accommodate shear stresses to interplanar shearing, via brittle cracking [51].  
Concerning the large difference in ionic potential between the sliding oxides in CoWO4, Erdemir 
et al. [108] reports that the ionic potential of CoO is 2.7 Z/r and of WO3 is 8.8 Z/r, yielding a 
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difference of 6.9 and corresponding to a friction coefficient in the range of 0.2 to 0.45 between 
them, which is not considered as lubricous by Wesmann et al. [105]. Furthermore, considering the 
interaction between CoWO4, WO3 and Al2O3, the ionic potential of Al2O3 is 6 Z/r, which lies 
between the ionic potentials of CoO and WO3 (given above) [108], yielding lower differences 
between them. Thus, based on the established notion, that the ionic potential difference is 
negatively correlated with friction coefficient, the friction coefficient between Al2O3 and CoWO4 
or WO3 is expected to be higher than the one between CoO and WO3. 
 
6.12 Correlation of the Tribological Response with the Coatings Properties 
 
Wear resistance is the ultimate quantitative measure in assessing the quality and performance of a 
hardmetal coating. The value in all the results from the characterization methods which are 
presented in chapters 4 and 5 lies in, indirectly, predicting the wear resistance of the coatings. From 
that aspect, it would be practically useful to find which characterization method is most accurate 
in predicting the wear resistance of the coatings. Although some discussion correlating the wear 
degree to the spray kinematic parameters and the respective characteristics already took place in 
section 6.10, a more detailed examination of these correlations is deemed worthy of further 
analysis. The correlation of the wear resistance and coefficient of friction is demonstrated by 
plotting them against selected coating properties that were reported in chapters 4 and 5. 
Nonetheless, when interpreting the correlations discussed in this section, it should be considered 
that they are not direct, in the sense that all the results being correlated to the wear performance are 
coupled with one another (i.e. a coating with higher WC Vol.% probably has higher compressive 
residuals stress as well (versus a coating with lower WC Vol.%),  since both WC Vol% and level 
of residual are negatively correlated with oblique spray angle and longer spray distances. This 
means that the correlations do not provide information on the individual dependence between the 
tribological properties and the coating properties, rather they reveal how important each coating 
property is, in determining the ultimate wear performance of the coating, when other properties 
vary.  
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In Fig.6.21, wear resistance and COF are plotted against the WC Vol.% of the coatings, which is 
initially discussed in section 5.2. Regarding the effect of carbide volume fraction to the wear 
resistance of the coatings, three distinct correlations appear to exist. First, all the coatings that were 
sprayed at distances up to 138 mm (black triangle data in Fig.6.21), show an exponential increase 
in wear resistance, as the WC Vol.% is increased. Secondly, The coatings that are sprayed at 170 
(blue triangle data) and 240 mm (red triangle data) present two notably less significant, linear 
correlations between wear resistance and WC Vol.%. Lastly, coating f2, sprayed at 2010 mm/s 
appears to deviate significantly from the exponential trend, lowering the R2 to 0.63. As discussed 
above, in order to comprehend the multimodal correlation seen in Fig.6.21, one must consider the 
other coating properties that change, in parallel with WC Vol.%. Regarding the first, exponential 
behaviour of wear resistance in Fig.6.21 (black triangles), the sharp rise can be attributed to the 
obstruction of binder ploughing by the increasing volume fraction of WC reinforcement. Coatings 
sprayed at shorter distances exhibited binder extrusion, WC pull-outs but limited cracking, 
suggesting that the binder has retained some toughness, thus, it can be removed either by ploughing 
or micro cutting from the counter body, also described as pathway (a) in section 6.8. The second 
group of coatings (a3, b3, c3, d3, e3 and a4, b4, c4, d4, e4) corresponds with the coatings that 
presented notably higher coverage of tribofilm in Fig.6.7. As the spray distance gets longer, the 
binder phase in the coatings gets more brittle due to the associated thermal dissolution products of 
WC. Respectively, the low wear resistance of f3 is associated with the increased O levels in the 
coating (discussed in sections 5.5 and 5.6). This marks a gradual transition from wear pathway (a) 
to (b), which entails subsurface cracking and spallations. This shift in wear progression causes the 
role of WC Vol.% to be progressively less significant in reinforcing the coatings, simply because 
the failure mechanism shifts from ploughing the binder to the energetically favorable crack 
propagation. The progressive decline of the slope of the linear fit between the coatings sprayed at 
170 mm, 38.2•104 (blue data points in Fig.6.21) and the coatings sprayed at 240 mm, 17.8•104 (red 
data points in Fig.6.21) demonstrates the depreciating role of WC Vol.% in the wear resistance of 
the coatings. Concerning the effect of WC Vol.% to COF, there is no apparent correlation, 
suggesting that other features of the coatings are more significant in the determination of COF. 
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Figure 6.21 Wear resistance and COF vs WC Vol.% of the coatings. 
 
In Fig.6.22, wear resistance and COF are plotted against the binder mean free path of the coatings, 
which is initially discussed in section 5.3. Contrawise to the correlation with the WC Vol.%, 
Fig.6.22 presents one correlation, of a lesser good fit. This is because at the long spray distances, 
the values of mean free path do not change significantly with spray angle, relative to the degree of 
change demonstrated by shorted spray distances, in order to form a clear trend line. It can be 
inferred that lower values of the binder mean free path contribute to higher wear resistance, which 
is mostly evident in coatings with low decarburization. The COF does not appear to be 
meaningfully correlated with the binder mean free path of the coatings, suggesting that other 
properties are more significant in that regard. 
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Figure 6.22 Wear resistance and COF vs binder mean free path of the coatings. 
 
Fig.6.23 presents the correlation between the porosity in the coatings and wear resistance and COF. 
Even though porosity measurement were found to be relatively insignificant for all coatings (lower 
than 1%, Fig.4.17), meaningful correlations appear to exist between wear resistance and COF. Of 
course the apparent good correlations are (in part) products of other coating qualities that have 
similar behaviour as the porosity of coatings, with variable spray kinematic parameters. 
Additionally, the aggregation of the data points for the coatings sprayed at long distances close to 
one another does not allow for a multimodal correlation, like seen in the binder mean free path 
(Fig.6.23).  Nevertheless, the negative correlation between wear resistance and COF with porosity 
can be adequately attributed to the respective promotion of crack initiation [38,94] and propagation 
(pathway (b) in section 6.8). Discontinuities in the microstructure act as stress concentrators and 
facilitate the propagation of cracks. In turn, cracks lead to spallations, large-scale material removal 
and high volume of wear debris trapped in the sliding interface during the sliding test, which are 
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effectively recorded by the friction force. The correlation between wear resistance and porosity 
appears to be non-linear while that of COF and porosity linear.  
 
Figure 6.23 Wear resistance and COF vs porosity of the coatings. 
 
In Fig.6.24, wear resistance and COF are plotted against the residual stresses in the coatings, which 
are initially discussed in section 4.5, where it is demonstrated that they are predominantly a 
function spray distance and not greatly affected by spray angle. The fact that the correlation seen 
in Fig.6.24 is linear can be attributed to the relative insensitivity of residual stress to changes in 
spray angle (Fig.4.9). Considering the COF data points in Fig.6.24, they are scattered allowing 
only for a general remark that they tend to be negatively correlated with increasing level of 
compressive residual stress in the coatings but are not meaningfully related.   
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Figure 6.24 Wear resistance and COF vs the level of compressive residual stress in the coatings. 
 
Fig.6.25 presents the correlation between the microhardness in the coatings and wear resistance 
and COF. Despite some authors [11,40-42]  who question the reliability of microhardness in 
predicting the wear performance of the coatings, the correlation between wear resistance and 
microhardness seen in Fig.6.25 is excellent. As discussed in detail in section 2.3.5.3, the dispute 
in the literature concerning the consistency of microhardness measurement as a method to assess 
the tribological performance of the coatings stems from the pseudo-hardening effect of certain WC 
thermal dissolution products (W2C and η-phases, M6C or M12C) in the microstructure. These 
phases may result to a higher perceived hardness of the contaminated binder, but this hardening is 
illegitimate due to the brittle nature of such contaminated binder [24,38,46]. In fact a closer look 
at Fig.6.25, reveals that the data points related to 240 mm of spray distance (a4, b4, c4, d4 and e4) 
form an opposing trend to the general one. This is explained by the opposite behaviour of 
microhardness of those coatings, which is attributed, in part, to the existence of brittle phases in 
their binder, as discussed in section 4.7. However, the values of microhardness of the coatings that 
are sprayed at 240 mm does not change significantly (with regards to changes seen in the rest of 
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the coatings) and due to that, the respective data points in Fig.6.25 do not appear to deviate 
meaningfully from the general trend. Positive correlations of microhardness and wear resistance 
are also reported in [43], [46], [45] and [42,97]. Regarding COF, it appears to be decreased in a 
linear manner with increasing microhardness which is attributed to the decreased volume of wear 
products that harder coatings produce. Ultimately, based on the results of this work, microhardness 
proved to be a good indicator for the wear performance of the coatings 
 
 
Figure 6.25 Wear resistance and COF vs microhardness of the coatings. The error bars indicate the standard error 
of measurement. COF values are an average of 200,000 measurements and present negligible standard error. 
 
6.13 Summary  
 
• Surface roughness results showed that coatings sprayed at the shorter distances (120, 138 
and 170 mm) presented mild changes overall. Specifically, a decline in surface roughness 
is reported from 900 to 450 which was followed by an increase from 450 to 300 of spray 
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angle. This behaviour has attributed to the erosive effect of the impinging solid particles 
under extreme oblique angles. 
• Coatings sprayed at 240 mm presented a different behaviour, demonstrating a continuous 
decline in surface roughness from 900 to 300, owing to the elongation of the splats, which 
is enabled by the molten state of most particles impinging the target surface. 
• The wear resistance of the coatings was evaluated with a dry sliding ball-on-disk test under 
low loads. The results showed that increased spray distances and oblique spray angles both 
compromise the wear resistance of the coatings but in different manner each one. 
• Increased spray distances result in higher degree of melting and complete thermal 
dissolution of the smaller WC grains, reduced compressive residual stresses and most 
importantly the higher levels of decarburization and correspondingly higher degree of 
amorphous brittle binder. 
• Oblique spray angles result in the preferential deposition of softer (hotter) phases versus 
harder (colder) at the instance of impact due to easier plastic deformation, which applies 
for any spray distance. In that way, the relative fraction of brittle binder is higher in coatings 
that are deposited under oblique angles. 
• Two discrete wear damage progression pathways are proposed: 
(a) Coatings with some crack suppression ability showed binder extrusion, WC pull-
outs and limited cracking, limited debris production and sporadic tribofilm sites on 
the wear tracks. 
(b) Coatings with high levels of brittle binder showed extensive surface and 
subsurface cracking under the shear stresses of the sliding motion, which yielded 
high rates of wear debris production initiating 3-body abrasion and accelerating the 
wear damage. The increased rate of wear debris led to a thick tribofilm build-up 
with a good coverage of the wear track. 
• Contrary to the popular notion in literature, the tribofilm did not prove to act as a lubricant 
between the sliding interfaces. In fact, the coatings that presented the highest wear rates and 
friction coefficients corresponded with the highest tribofilm coverage of the wear tracks.  
• The tribofilm is gradually embrittled under repetitive deformation and tribo-oxidation and 
builds-up to a critical volume that renders it susceptible to subsurface shear cracking. 
  Chapter 6. Surface Roughness and Tribological Properties  
 
241 
 
• At long spray distances, small oblique spray angles (750) have a beneficial effect on the 
wear resistance of coatings due to the better distribution of WC in the microstructure. 
• Wear resistance and COF were directly correlated with coating properties, demonstrating 
their significance in providing insight on the tribological performance of the coatings.  
o Wear resistance showed a trimodal correlation with WC Vol.% in the 
microstructure of coatings, indicating the depreciating role of WC Vol.%, as the 
binder of the coatings is embrittled by decarburization products. No meaningful 
correlation between the friction coefficient and WC Vol.% was found. 
o Wear resistance showed an exponential growth with decreasing binder mean free 
path in the microstructure. No meaningful correlation between the friction 
coefficient and binder mean free path was found. 
o Wear resistance showed an exponential growth with decreasing porosity in the 
microstructure. In addition, porosity was linearly correlated with the friction 
coefficient. An increase in porosity, facilitated crack propagation and spallations 
which were recorded in the measurements of friction force, resulting in elevated 
friction coefficients. 
o Wear resistance showed a linear increase with level of residual stress in the coatings, 
attributed to their crack suppression character. No meaningful correlation between 
the friction coefficient and binder mean free path was found. 
o Wear resistance showed an exponential growth with increasing microhardness in 
the coatings. An increase in microhardness resulted in lowering the friction 
coefficients. Microhardness proved to be the most accurate indicator of the 
coatings’ wear performance. 
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CHAPTER 7  Conclusions and Future Work 
 
 
 
8.1 Introduction 
 
This Chapter is a conclusive summary of the discussions in this thesis. It provides an overview of 
the key concepts that are discussed and summarizes the contribution of this work to the field.  
 
8.2 Conclusions 
 
In Chapter 4, it is shown that the deposition rate is negatively affected by oblique spray angles due 
to the normal component of velocity loss. This effect applies in all the examined stand-off 
distances. A notable non-linear behaviour is seen in coatings sprayed at 240 mm, where they 
present increased deposition rate at 750 of spray angle, even though the normal component of 
velocity is expected to be decreased by 7% from the 900 case. Conversely, deposition rate is found 
to be positively correlated by increased stand-off distances, which is attributed to the increased 
particle temperature and the associated reduction of critical particle velocity to achieve deformation 
and coating build-up. Finally the deposition rate is well correlated with increasing traverse speed 
following an exponential decay rule. 
The residual stresses are found to be compressive for all the examined coatings. Moreover, they 
are primarily affected by spray distance, showing reduction in intensity with longer spray distances. 
This is attributed to the higher particle plasticity (owing to thermal softening) and lower overall 
velocities which impede the peening stress transfer at longer stand-off distances. For the same 
reason, the effect of spray angle is only noticeable at the short spray distances, where the normal 
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component of velocity is important in dictating particle deformation, since particles are 
predominantly at solid at impact. Traverse speed shows a non-linear effect on the level of residual 
stress. The slowest scan speed showed low compressive stress levels, as well as the fastest. Too 
slow scan speed may lead to overheating of the coating which will result in residual stress 
relaxation, while too fast traverse speed will result in low cooling stresses, which are of 
compressive nature in the case of the chosen coating-substrate materials. 
Overall, porosity levels were low (below 1%) and showed significant change with oblique spray 
angles only at 138 and 170 mm of spray distance and only after 450 of spray angle. Porosity in 
coatings sprayed at 120 and 240 mm did not present a significant correlation with spray angles. 
The gun traverse speed did not appear to affect the porosity in the microstructure. 
The highest microhardness was obtained for the coating sprayed at 900 and 120 mm. Both oblique 
angles and increased spray distances appear to negatively affect microhardness but the effect of 
spray angle becomes gradually less important, as the spray distance is elongated. The role of 
oblique spray angles in determining microhardness involves the normal velocity component 
reduction, while the role of longer spray distance lies in the thermal softening of the impinging 
particles and thermal dissolution of WC in Co. In coatings sprayed at 240 mm of spray distance, 
microhardness presents an opposite behaviour with oblique spray angles, increasing in value, as 
the spray angles get more oblique. This is attributed to two factors: the improvement of WC 
distribution in the microstructure (mostly evident at small oblique spray angles, i.e. 750) and 
secondly, the increasing fraction of nanocrystalized binder, saturated with hard but brittle phases 
such as W2C and η-phases, which is mainly responsible for the rise in microhardness from 600 to 
300. Gun traverse speed appeared to have a mild negative but not meaningful effect on 
microhardness. 
In Chapter 5, the microstructure and phase composition of the coatings is discussed. WC vol% is 
seen to decrease with oblique spray angles indicating a preferential rebounding of WC grains. This 
is most evident for short spray distances. Similarly, the mean free path measurements follow the 
opposite trends with WC Vol.% implying that the observed changes are predominantly due to the 
depletion of WC and not due to changes in their distribution. Spray distances of 170 and 240 mm 
present a notable improvement in WC distribution at 750, versus 900, which is due to the better 
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mixing of phases under oblique spray angles. In addition, it is revealed that larger WC grains are 
most prone to rebounding owing to the higher shear momentum they acquire under oblique 
impacts. Furthermore, short spray distances are most sensitive in loosing large WC due to 
rebounding at oblique angles due to the lack of any thermal softening of the binder. A mechanism 
for WC rebounding at oblique deposition that considers the interplay of different spray distances 
and the structure of the starting powder is proposed in section 5.5. The gun traverse speed was not 
found to affect the microstructural properties or WC rebounding in a meaningful degree. A 
mechanism of cumulative oxygen capture in the coating that is governed by the gun traverse speed 
is revealed in section 5.7. Oxygen in the coating is found to be positively correlated with increased 
traverse speed via cumulative superficial, low temperature oxidation of WC-Co as the spray plume 
blazes over the coated surface. The interplay and effects of spray angle and spray distance in the 
phases composition of the coatings are thoroughly discussed showing progressive preferential 
deposition of thermally softened phases, as the spray angle gets more oblique. Gun traverse speed 
appears to control the formation of η-phases during deposition via the effective annealing 
experienced by the deposited coating due to the more frequent spray passes and thinner coating 
layers sprayed per spray pass. Finally, morphological observations on the metallic tungsten in the 
microstructure that indicate that, in fact, it crystalizes during the in-flight stage of the particles. 
In Chapter 6, surface roughness and Dry sliding wear resistance was evaluated in a ball-on-disk 
test and significant interplay between the spray parameters was observed. A large number of 
experiments provided insights on the progressive tribofilm build-up and wear damage modes and 
allowed for proposing mechanisms regarding their occurrence. Regarding surface roughness, 
coatings sprayed up to 170 mm presented mild changes with oblique deposition, demonstrating a 
slightly smoother surface at 450 from 900 of spray angle due to the mild erosion of the surface 
protrusions from the progressively increasing fraction of rebounding particles. From 450 from 300, 
the surface roughness increases again, approximating the levels seen at 900 of spray angle, due to 
the excessive erosion from impinging particles. Coatings that were sprayed at 240 mm show a 
different trend of continuous decline in surface roughness from 900 to 300, owing to the elongation 
of the splats, which is enabled by the molten state of most particles impinging the target surface.  
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Wear resistance is found to be negatively correlated both with oblique deposition angles and 
increased stand-off distance but in different manner with each one. The role of spray distance is 
manifested via its effects in depletion of smaller WC grains due to thermal dissolution, reduced 
compressive residual stresses and most importantly the degree of amorphous brittle binder. On the 
other hand, the effects of spray angle lie predominantly in its discriminating role in the preferential 
deposition of softer (hotter) phases versus harder (colder) at the instance of impact due to easier 
plastic deformation, which applies the same for any spray distance. In that manner the effects of 
spray angle and spray distance are combined to compromise the wear resistance of the coatings.  
Two discrete pathways of wear damage progression have been identified, primarily differentiated 
by the ability of the binder phase to suppress shear cracking under dry sliding. The first pathway 
presents wear mechanisms such as binder extrusion, WC pull-outs and limited cracking. 
Conversely, the second pathway shows aggressive shear cracking (surface and subsurface), from 
very early on during the wear test. In turn, cracking and spallations result to faster rate of wear 
debris production which yields 3-body wear and ultimately, a thick tribofilm between the coating 
and the counter body.  The tribofilm is embrittled under repetitive deformation, tribo-oxidation and 
builds-up to a critical volume that renders it susceptible to subsurface shear cracking during the 
sliding wear. Contrary to the popular notion on the tribofilm’s lubricious character, the coatings 
with the most tribofilm showed the highest wear rates and friction coefficients. While the friction 
coefficient in coatings with poor tribofilm coverage showed a running-in regime (high friction) 
followed by a steady state friction, which was lower in value, the coatings that had a rich coverage 
of tribofilm maintained the COF at high levels due to its continuous cracking and regeneration. At 
long spray distances, small oblique spray angles (750) have a beneficial effect on the wear 
resistance of coatings due to the better distribution of WC in the microstructure. 
Finally, the wear behaviour was correlated with various coating properties revealing important 
insights concerning their significance as indicators of the wear resistance of the coating. It has been 
found that WC Vol.% is significantly beneficial in terms of wear resistances only when the binder 
presents some resistance to brittle cracking. Moreover, there is a good correlation between wear 
resistance and binder mean free path, porosity, microhardness and somewhat less good with the 
level of residual stress in the coatings. Porosity and microhardness are well correlated with COF 
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whereas binder mean free path and level of residual stress present no meaningful correlation with 
COF.  
 
8.3 Future Work 
 
The results of this study showed significant interplay between the spray kinematic parameters, in 
determining the coating properties, when they change in a coupled fashion (i.e. spraying a complex 
geometry). Beyond the advance in understanding of how they affect the coating, a more directly 
practical use, would be to interpolate the results of this work and get insight on a wide space of 
possible combinations of the kinematic parameters. Subsequent to that, complex geometries can be 
analyzed with software and the profile of the changing spray kinematic parameters, as the geometry 
is being sprayed, can be calculated. Finally, assuming the resulting ranges of calculated spray 
kinematic parameters fall within the ranges studied in this work (120-240 mm of spray distance, 
900-300 spray angle and 502-2010 mm/s of gun traverse speed), the coating properties of the 
examined complex geometry can be predicted, by mapping the calculated kinematic parameters 
profiles to the interpolated experimental results of this thesis. This work is currently ongoing and 
a prototype software that realizes these functions has been developed in Matlab (APPENDIX A). 
Another research direction which would be interesting to pursue is to elucidate the increased 
deposition rate that is seen to occur only in the coating sprayed at 750 and at 240 mm. This 
phenomenon is undoubtedly related with the particle temperature at the moment of impingement 
and possibly related to the impingement dynamics of the HVOF jet at this angle. 
Also, the role of kinematic parameters in the superficial oxidation of the as-coated surfaces 
(quantification of the XPS results of this work) is left to be examined in future work. 
Finally, different powder materials and different spray processes offer widely different process and 
physical characteristics that would yield different dependencies on the spray kinematic parameters. 
Thus, any application-driven evaluation of the feasibility of spraying a complex geometry would 
demand the re-examination of the effects of the spray kinematic parameters on the coating 
properties. 
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APPENDIX A 
 
Following the experimental results that are described in the thesis, a prototype software tool was 
developed in Matlab, which aims at applying the observations concerning the effect and interplay 
of the spray kinematic parameters, to any given geometry. The starting geometry is given in a 
standard tessellation language (.STL) file format. The STL files are one of the most standard types 
of files that contain information about CAD models and are commonly used in rapid prototyping, 
3D printing and CAD-manufacturing. Such file types are further distinguished in ASCII and Binary 
types. The difference between those is the size of the final STL file, which is the Binary type. 
Concerning the critical information about the representing geometry, both ASCII and Binary types 
are the same. 
An STL file describes any 3D triangulated surface by containing information about the normal 
vector and vertices of each constitutive triangle, organized as seen below:  
1. ASCII type 
facet normal ni nj nk 
    outer loop 
        vertex v1x v1y v1z 
        vertex v2x v2y v2z 
        vertex v3x v3y v3z 
    endloop 
endfacet 
2. Binary Type 
3. foreach triangle 
4. REAL32[3] – Normal vector 
5. REAL32[3] – Vertex 1 
6. REAL32[3] – Vertex 2 
7. REAL32[3] – Vertex 3 
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8. UINT16 – Attribute byte count 
9. end 
 
The coordinates of the vertices in an STL file are positive numbers and there is no scale or units 
information. 
In the text bellow, a step-by-step description of the developed code takes place: 
1. Initial geometry 
The initial geometry that was chosen can be seen in Fig.A1. The STL file was downloaded 
from a free-STL database, available for 3D printing. Even though it is supposed to be a twisted 
vase, the geometry has similarities with real-life industrial parts that undergo hardmetal thermal 
spray deposition such as drills. As stated above, the STL file has no inherent information 
concerning the units or the scale, thus it was assumed that the coordinates of the vertices are in 
mm. 
 
 
Figure A1 Starting STL geometry. 
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2. Initialization and preliminary calculations 
The first part of the code aims at constructing the basic tables and vectors that will organize the 
information from the STL file, in a form that can be used for the next calculations. In addition, 
basic, user-defined, thermal spray process parameters are defined and calculation of the volume 
and centre of mass of the imported geometry takes place. 
 
 
%% Import STL, footprint, desired overlap, rpm, calculate centre of mass 
and volume and check if geom.orientation is correct 
[vert,fac,normals,name] = stlRead('model2.stl'); % Read STL file 
footpr=5; %spray foutprint diameter in mm 
overl=10; %spray overlap factor in % 
rpm=40; %specify rpm 
 
• Calculate the volume (under double “volume”) and centre of mass (under double vector 
“centro”)  of the sprayed geometry via the function “centreofmass”: 
[centro,volume]= centreofmass(vert,fac);% find centre of mass and volume 
of the imported geometry 
dime=dim(vert); 
• Where the function “centreofmass(c,v)” is: 
function [c,v]= centreofmass(vert,fac) 
%%centre of mass 
totvol=0; 
curvol=0; 
xcent=0; 
ycent=0; 
zcent=0; 
for i=1:length(fac) 
    curvol=(vert(fac(i,1),1)*vert(fac(i,2),2)*vert(fac(i,3),3)- 
vert(fac(i,1),1)*vert(fac(i,3),2)*vert(fac(i,2),3)-
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vert(fac(i,2),1)*vert(fac(i,1),2)*vert(fac(i,3),3)+vert(fac(i,2),1)*vert(f
ac(i,3),2)*vert(fac(i,1),3)+vert(fac(i,3),1)*vert(fac(i,1),2)*vert(fac(i,2
),3)-vert(fac(i,3),1)*vert(fac(i,2),2)*vert(fac(i,1),3))/6; 
    totvol=totvol+curvol; 
  
    xcent= 
xcent+((vert(fac(i,1),1)+vert(fac(i,2),1)+vert(fac(i,3),1))/4)*curvol; 
    ycent= 
ycent+((vert(fac(i,1),2)+vert(fac(i,2),2)+vert(fac(i,3),2))/4)*curvol; 
    zcent= 
zcent+((vert(fac(i,1),3)+vert(fac(i,2),3)+vert(fac(i,3),3))/4)*curvol; 
end 
xcent= xcent/totvol; 
ycent= ycent/totvol; 
zcent= zcent/totvol; 
c=[xcent,ycent,zcent]; 
v= totvol; 
 
• Delete any duplicate vertices in “vert” by using the function “stlSlimVerts(a,b)” from the 
geom3d library, authored by David Legland INRA, France. 
%% delete duplicate vertices 
[vert,fac] = stlSlimVerts(vert,fac); 
• Re-centre the geometry around the calculated centre of mass, since this will be the point 
where the rotation axis will pass through during the spraying process. 
%% Make centre of mass the new origin 
vert=[vert(:,1)-centro(1),vert(:,2)-centro(2),vert(:,3)-centro(3)]; 
• Plot the geometry with the rotation axis which is the vertical line passing from the centre 
of mass (Fig.A2). 
%% Plot geometry with rotation axis 
rotx=[0;0];% construct rotation axis 
roty=[0;0]; 
 APPENDIX A 
 
263 
 
rotz=[0-dime(3);0+dime(3)]; 
figure; 
stlPlot(vert,fac,name,dime); 
hold on 
plot3(rotx,roty,rotz,'linewidth',3,'color','black'); 
hold off 
 
 
 
Figure A2 Matlab Plot of the imported geometry with the calculated rotational axis. 
 
 
3. Calculation of the coordinates of the individual spray scans 
 
%% Calculate passes coordinates, zsteplist, step 
step = footpr-(footpr*(overl/100));% calculate step of passes (mm) 
zsteplist = ((min(vert(:,3))+step):step:max(vert(:,3)))’; %list of the z 
coorditates of each pass 
polySet = cell(length(zsteplist),1); 
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for i = 1:length(zsteplist) 
    z0 = zsteplist(i); 
    plane = createPlane([0,0,z0], [0,0,1]); 
    polySet{i} = intersectPlaneMesh(plane, vert, fac); 
end 
%% check if part is hollow, if yes, give option for external of internal 
spray 
a=cell2mat(cellfun(@size,polySet,’uni’,false));% store the nuber of 
polygons per pass. ‘a’ is a temporary matrix that will be used for 
storring other data later. 
If sum(a(:,2))==2*length(a(:,1)) 
    c= ‘Part is hollow. Internal or external spray? (no action if internal 
spray is intended)’; 
    flag1=2; 
    %GIVE OPTION TO CHOOSE external or internal spray 
elseif sum(a(:,2))==length(a(:,1)) 
    c='Part is solid. External spray only'; 
    flag1=1; 
else 
    c='Part contains closed cavities. External spray only'; 
    flag1=1; 
end 
disp(c); 
flag1=1 
%% plot and highlight the passes that will be sprayed 
figure; 
if flag1==2  
    title(['Internal spray of ',name]) 
elseif flag1==1 
    title(['external spray spray of ',name]) 
end 
view([-135 35]); 
drawPolygon3d(polySet, 'lineWidth', 0.1, 'color', 'b') 
hold on 
drawPolygon3d(cellfun(@(x) x(:,flag1),polySet,'uni',false), 'lineWidth', 
0.1, 'color', 'r')% ***NICE USE OF cellfun 
hold on 
plot3(rotx,roty,rotz,'linewidth',3,'color','black'); 
hold off 
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Figure A3 Spray passes on the geometry. 
 
 
 
4. From spray passes to an ordered grid  
The code below produces an ordered grid on the sprayed surface which will be necessary for the 
kinematic calculations after. The grid vertices are essentially the intersection points between an 
arbitrary numbers of lines passing from the rotation point, for each plane that corresponds to spray 
pass. In this case, 180 lines of sight (LOS) were used, yielding 360 intersection points with each 
spray pass (2 intersections/LOS). In addition, his method is a useful indicator of the sprayablity of 
the examined geometry. If λ is the number of LOS that is chosen then more than 2λ intersections/ 
spray pass means shadowing occurs during part rotation due to the complexity of the geometry. 
Conversely, less than 2λ intersections means that the corresponding passes are open (i.e. not closed 
polygons) resulting in discontinuous spraying. 
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%% Calculate lines of sight (LOS) based on given precision (prec), centre 
of gravity (CG) and assuming rotation axis passes through the CG 
ln=180;% 180 lines yield 360 intersections with the sprayed polygons since 
they pass through the rotation axis 
los=[zeros(ln,1),zeros(ln,1),sin(0:0.0175:(0.0175*(ln-
1)))',cos(0:0.0175:(0.0175*(ln-1)))']; % the first point of the los will 
be 0,0 since the whole geometry is centreed around CG earlier 
%% **CHECKPOINT** calculate intersections of los and sprayed geometry per 
pass (2d polygon).This will create an ordered gridd on the sprayed surface 
gridd=cell(length(zsteplist),5); %1st column is the intersection points 
with los, 2nd column is the los (id) that have >2 intersection points, 3 
id s of shadowing los 
figure; 
for i=1:length(zsteplist) 
    for j=1:ln 
                                                                
gridd{i,1}{j,1}=intersectLinePolygon(los(j,:),polySet{i}{flag1}(:,1:2),1e-
13); 
gridd{i,1}{j,2}=length(gridd{i,1}{j,1}); %catalogue number of      
intersections per los 
    end 
    gridd{i,2}=cell2mat(gridd{i,1}(:,2)); 
    gridd{i,3}=find(gridd{i,2}>2);%search and identify los where > 2 
intersections occur, meaning that there is shadowing 
    gridd{i,4}=find(gridd{i,2}==0);%search and identify los where 0 
intersection occur, meaning that the pass polygon lies outside the 
rotation axis 
    gridd{i,5}=cell2mat(gridd{i,1}(:,1));%cell2mat from gridd{i,1} in 
order to plot scatter 
    gridd{i,5}=[gridd{i,5},ones(length(gridd{i,5}),1)*zsteplist(i)];% add 
the Z to each pass 
    scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2), gridd{i,5}(:,3),'c')%Check 
the gridd visually 
    hold on 
    if  isempty(gridd{i,3})==0 % if there are los with more than 2 
intersection points with the pass geom ,,,show shadowing los 
        scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2), gridd{i,5}(:,3),'r') 
        for j=1:length(gridd{i,3}) 
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            x=[-
dime(1)*(los(gridd{i,3}(j),3));dime(1)*(los(gridd{i,3}(j),3))]; 
            y=[-
dime(2)*(los(gridd{i,3}(j),4));dime(2)*(los(gridd{i,3}(j),4))]; 
            z=[zsteplist(i);zsteplist(i)]; 
            plot3(x,y,z,'linewidth',1); 
            hold on 
        end 
    end 
end 
  
plot3(rotx,roty,rotz,'linewidth',4,'color','black'); 
hold off 
  
if sum(cell2mat(cellfun(@isempty,gridd(:,3),'uni',false)))~= 
length(zsteplist); 
    disp(length(zsteplist)-
sum(cell2mat(cellfun(@isempty,gridd(:,3),'uni',false)))); 
    disp(' pases cannot be sprayed due to shadowing. Simulation is 
aborted.'); 
    return 
elseif sum(cell2mat(cellfun(@isempty,gridd(:,4),'uni',false)))~= 
length(zsteplist); 
     
    disp(length(zsteplist)-
sum(cell2mat(cellfun(@isempty,gridd(:,3),'uni',false)))); 
    disp(' passes result in discontinuous spraying during rotation. 
Simulation is aborted.'); 
    return 
end 
%% Sort the intersection points so that they are adjuscent to one another 
AND find distance of every point to the origin (= rotation axis). 
 c=cellfun(@(x) x(1:2:end,:),gridd(:,5),'uni',false); % c= all the Odd-
Indexed Elements 
 v=cellfun(@(x) x(2:2:end,:),gridd(:,5),'uni',false); % v=all the Even-
Indexed Elements 
 for i=1:length(zsteplist) 
     gridd{i,5}=[c{i};v{i}]; %concatenate c and v . THESE ARE THE POINTS 
TO USE FOR KINEMATIC CALCULATIONS 
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     gridd{i,6}=(gridd{i,5}(:,1:2)).^2; % square all the (x,y) coordinates 
     gridd{i,7}=sqrt(gridd{i,6}(:,1)+gridd{i,6}(:,2));    %pythagoras (mm)   
-> find distance of every point to the origin 
 end 
figure  
scatter(1:1:360,gridd{1,7}); 
 
 
Figure A4 Calculated ordered grid on the sprayed geometry, based on the line-of-sight method. 
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4. Calculations of the spray kinematic parameters  
 
The code below calculates the spray distance, impact angle and gun traverse speed that accords to 
each point of the ordered grid which was constructed in the previous step. It is important to note 
that the true impact angle between the spray plume and the sprayed surface is an angle between a 
vector and a plane (consideration for azimuth and zenith angles) whereas the angle for the 
calculation of the gun traverse speed should be only the one between the spray plume and the 
sprayed pass at the respective point (only azimuth angle) The angular iterations for these 
calculations are arbitrary and equal to the grid vertices/pass which are set in the previous step. In 
this case the iterations were set to 360 /spray pass (i.e. calculations occurred for each degree of part 
rotation) 
 
%% Kinematic calculations for evry point. For external/internal spray 
kinemat=cell(length(zsteplist),1); 
if flag1==2 %if internal spray.. 
    isod=0; % initial SoD (mm) *(measured as distance from the rot axis) 
    kinemat= cellfun(@(x) x-isod,gridd(:,7),'uni',false); 
elseif flag1==1 %if external spray  
    isod=500; % initial SoD (mm) *(measured as distance from the rot axis) 
    kinemat= cellfun(@(x) isod-x,gridd(:,7),'uni',false); 
end 
  
for i=1:length(zsteplist)-1% For every pass **EXEPT LAST PASS** 
(calculations for the last pass take place later) 
    gridd{i,5}= [gridd{i,5};gridd{i,5}(1,:)];%add an extra 1st point at 
the end of the point list for the sake of the calculations 
    gridd{i+1,5}= [gridd{i+1,5};gridd{i+1,5}(1,:)]; 
    for j=1:ln*2 
        n = cross(gridd{i,5}(j+1,:)-gridd{i,5}(j,:), gridd{i+1,5}(j,:)-
gridd{i,5}(j,:)); %normal vector to plane ABC ** z axis reference from 
point from the next pass** 
        m= gridd{i,5}(j,:)-gridd{i,5}(j+1,:);%vector of two adjacent 
points on the same pass 
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        k= [0,0,gridd{i,5}(j,3)]-gridd{i,5}(j,:); % vector of spray plume 
        azimang= atan2(norm(cross(m,k)), dot(m,k));% azimuth angle calc. 
** Should always be 0<az<pi 
        impactang= pi/2-(atan2(norm(cross(n,k)), dot(n,k))); %pi/2 - angle 
between the two vectors n,k. 
gridd{i,5}(j,:),n)/norm(n)/norm([0,0,0]-gridd{i,5}(j,:))); % angle between 
plane ABC and line OA, equals pi/2 - angle between OA and n 
        kinemat{i}(j,2)=rad2deg(impactang); % *IMPACT ANGLE (zentith 
+azimuth)conversion to degrees=== 
        kinemat{i}(j,3)=rad2deg(azimang); % Azimuth angle (used in the 
calculation of trav.speed) 
        
kinemat{i}(j,4)=(sin(impactang)*gridd{i,7}(j))*((rpm*2*pi)/60)*(sec(pi/2-
impactang))^2; % tr.speed (mm/sec)**CHECK if 
    end 
    gridd{i,5}(end,:) = []; %delete the extra 1st point that was added 
earlier (for the sake of plotting later) 
    gridd{i+1,5}(end,:) = []; 
end 
  
% kinematic calculations for the last pass (change the method of 
calculating the normal vector to plan ABC for each point. This yields 
negative results for trav speed, thus the sign correction below) 
gridd{end,5}= [gridd{end,5};gridd{end,5}(1,:)];%add an extra 1st point at 
the end of the point list for the sake of the calculations 
gridd{end-1,5}= [gridd{end-1,5};gridd{end-1,5}(1,:)]; 
for j=1:ln*2 
    n = cross(gridd{end,5}(j+1,:)-gridd{end,5}(j,:), gridd{end-1,5}(j,:)-
gridd{end,5}(j,:)); %normal vector to plane ABC** z axis reference from 
point from the previoues pass** 
    m= gridd{end,5}(j,:)-gridd{end,5}(j+1,:);%vector of two adjuscent 
points on the same pass 
    k= [0,0,gridd{end,5}(j,3)]-gridd{end,5}(j,:); % vector of spray plume 
    azimang= atan2(norm(cross(m,k)), dot(m,k));% azimuth angle calc. ** 
Should always be 0<az<pi 
    impactang= pi/2-(atan2(norm(cross(n,k)), dot(n,k))); %pi/2 - angle 
between the two vectors n,k. 
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    %alpha =  acos(dot([0,0,0]-gridd{i,5}(j,:),n)/norm(n)/norm([0,0,0]-
gridd{i,5}(j,:))); % angle between plane ABC and line OA, equals pi/2 - 
angle between OA and n 
    kinemat{end}(j,2)=abs(rad2deg(impactang)); % *IMPACT ANGLE (zentith 
+azimuth)conversion to degrees=== 
    kinemat{end}(j,3)=rad2deg(azimang); % Azimuth angle (used in the 
calculation of trav.speed) 
    kinemat{end}(j,4)=-
((sin(impactang)*gridd{end,7}(j))*((rpm*2*pi)/60)*(sec(pi/2-
impactang))^2); % tr.speed (mm/sec)**Corrected sign** 
end 
gridd{end,5}(end,:) = []; %delete the extra 1st point that was added 
earlier (for the sake of plotting later) 
gridd{end-1,5}(end,:) = []; 
     
figure 
title('SoD of pass 3'); 
scatter(1:1:360,kinemat{3}(:,1)); 
figure 
title('impact angle of pass 3'); 
scatter(1:1:360,kinemat{3}(:,2)); 
figure 
title('azimuth angle of pass 3'); 
scatter(1:1:360,kinemat{3}(:,3)); 
figure 
title('trav. speed of pass 3'); 
scatter(1:1:360,kinemat{3}(:,4)); 
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Figure A5 Calculated stand-off distance profile during one full rotation for the spray pass 3 (counting from bottom) 
for 360 angular iterations full rotation.. 
 
 
Figure A6 Calculated impact angle profile during one full rotation for the spray pass 3 (counting from bottom) 360 
angular iterations/full rotation. 
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Figure A7 Calculated gun traverse speed profile during one full rotation for the spray pass 3 (counting from bottom) 
360 angular iterations/full rotation. 
 
 
5. Input of experimental results and interpolation surfaces  
The code below accepts the experimental results of any coating property, as a table of results from 
spray angle x spray distance and a vector of results from gun traverse speed. In the Thesis above, 
it was shown that there is significant interplay of the spray angle and spray distance whilst the gun 
traverse speed affected the coating in a different manner. That is why a table is required to capture 
the interplays of spray angle and spray distance.  
After the results are given, they are interpolated and normalized to their higher value. In is 
important to note here that the kinematic conditions that where explored in this thesis have been 
altered in the code below, in order to be able to include all the cinematic profiles of the geometry 
that is demonstrated here (twisted vase.stl). Thus, the results that are presented below are for 
demonstration purposes only and do not originate from actual values. 
 
%% Input of experimetal results 
exp=cell(2,8); 
%exp{:,1}->thickness (um) 
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exp{1,1}=[352   396 397 413 
    341 336 370 426 
    274 270 325 307 
    217 233 250 248 
    147 185 224 210]; 
exp{2,1}=[352.2,274,95]; 
%exp{:,2}->microhardness (HV) 
exp{1,2}=[1265  1226    1090    737 
    1239    1224    1116    823 
    1167    1162    1093    826 
    1121    1095    1041    828 
    1027    1024    990     854]; 
exp{2,2}=[1265  1241    1212]; 
%exp{:,3}-> porosity (%) 
exp{1,3}=[0.15  0.14    0.28    0.61 
    0.24    0.26    0.37    0.66 
    0.33    0.32    0.49    0.49 
    0.23    0.35    0.35    0.54 
    0.33    0.7     0.77    0.65]; 
exp{2,3}=[0.15  0.16    0.16]; 
%exp{:,4}-> res.stress (au.) 
exp{1,4}=[1.12  0.84    0.54    0.51 
    1.09    0.91    0.40    0.47 
    1.21    0.65    0.23    0.28 
    0.92    0.68    0.42    0.38 
    0.73    0.53    0.29    0.41]; 
exp{2,4}=[1.12  1.7 1.32]; 
%exp{:,5}-> WC Vol% (%) 
exp{1,5}=[51.9  49.1    49.3    48.4 
    49  51.3    50  49.8 
    46.1    46.1    46.3    47.6 
    43.9    39.1    41.4    39.7 
    32  37  38.3    38.7]; 
exp{2,5}=[51.8  49  50.9]; 
%exp{:,6}-> Co mean free path (nm) 
exp{1,6}=[511   551 658 892 
    594 619 586 702 
    667 728 813 814 
    634 765 912 824 
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    1037    1060    1044    883]; 
exp{2,6}=[551   566 561]; 
%exp{:,7}->O atomic% (%) 
exp{1,7}=[5.3   6.26    6.8 6.3 
    5.18    5.8 7.2 6.8 
    8   6.5 6.28    9.24 
    8.38    6.98    6.9 8.54 
    7.74    8.3 7.86    7.48]; 
exp{2,7}=[5.3   6.8 8.74]; 
%exp{:,8}-> Specific Wear rate (mm^3/(N*m)) 
exp{1,8}=[5.21E-08  5.96E-08    1.19E-07    2.80E-07 
    5.73E-08    4.90E-08    1.26E-07    2.15E-07 
    8.22E-08    1.00E-07    1.61E-07    2.46E-07 
    9.20E-08    1.04E-07    2.07E-07    3.23E-07 
    1.74E-07    1.46E-07    2.66E-07    3.94E-07]; 
exp{2,8}=[8.95E-8   7.55E-8 7.2E-8]; 
%% set the exp points for interpolation 
scatterr=[119,90 
    119,75 
    119,60 
    119,45 
    119,3 
    138,90 
    138,75 
    138,60 
    138,45 
    138,3 
    170,90 
    170,75 
    170,60 
    170,45 
    170,3 
    240,90 
    240,75 
    240,60 
    240,45 
    240,3]; 
speeds=[499;670;2010]; 
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speedpoints=(499:1:2010)'; 
expin=cellfun(@(x) reshape(x,[],1),exp,'uniformOutput',false); % make exp 
into row vectors  
%% Interpolations of experimental results 
a=cell(2,length(exp(1,:))+2); 
%SoD vs impact angle interpolations 
[a{1,1},a{1,2}]=meshgrid(119:1:240,29:1:90); %* RANGE! temporary use for 
the DEMO 
a{1,3}=griddata(scatterr(:,1),scatterr(:,2),expin{1,1},a{1,1},a{1,2},'cubi
c');%thickness angle sod interpolation 
a{1,4}=griddata(scatterr(:,1),scatterr(:,2),expin{1,2},a{1,1},a{1,2},'cubi
c');%microhardness angle sod interpolation 
a{1,5}=griddata(scatterr(:,1),scatterr(:,2),expin{1,3},a{1,1},a{1,2},'cubi
c');%porosity angle sod interpolation 
a{1,6}=griddata(scatterr(:,1),scatterr(:,2),expin{1,4},a{1,1},a{1,2},'cubi
c');%res.stress angle sod interpolation 
a{1,7}=griddata(scatterr(:,1),scatterr(:,2),expin{1,5},a{1,1},a{1,2},'cubi
c');%WC Vol% angle sod interpolation 
a{1,8}=griddata(scatterr(:,1),scatterr(:,2),expin{1,6},a{1,1},a{1,2},'cubi
c');%Co mean free path angle sod interpolation 
a{1,9}=griddata(scatterr(:,1),scatterr(:,2),expin{1,7},a{1,1},a{1,2},'cubi
c');%O atomic% angle sod interpolation 
a{1,10}=griddata(scatterr(:,1),scatterr(:,2),expin{1,8},a{1,1},a{1,2},'cub
ic');%Wear rate angle sod interpolation 
  
%trav.speed interpolations 
a{2,3}=interp1(speeds,exp{2,1},speedpoints,'pchip');%thickness speed 
interpolation 
a{2,4}=interp1(speeds,exp{2,2},speedpoints,'pchip');%m-hardness speed 
interpolation 
a{2,5}=interp1(speeds,exp{2,3},speedpoints,'pchip');%porosity speed 
interpolation 
a{2,6}=interp1(speeds,exp{2,4},speedpoints,'pchip');%res.stress speed 
interpolation 
a{2,7}=interp1(speeds,exp{2,5},speedpoints,'pchip');%WC Vol% speed 
interpolation 
a{2,8}=interp1(speeds,exp{2,6},speedpoints,'pchip');%Co mean free path 
speed interpolation 
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a{2,9}=interp1(speeds,exp{2,7},speedpoints,'pchip');%O atomic% speed 
interpolation 
a{2,10}=interp1(speeds,exp{2,8},speedpoints,'pchip');%Wear rate speed 
interpolation 
%% normalize interpolations from experimental results (./max)  
b=cell(2,length(exp(1,:))); 
%SoD vs impact angle interpolations normalized 
b{1,1}=a{1,3}./max(max(a{1,3}));% normalized thickness vs angle sod 
interpolation 
b{1,2}=a{1,4}./max(max(a{1,4}));% normalized microhardness vs angle sod 
interpolation 
b{1,3}=a{1,5}./max(max(a{1,5}));% normalized porosity vs angle sod 
interpolation 
b{1,4}=a{1,6}./max(max(a{1,6}));% normalized res.stress vs angle sod 
interpolation 
b{1,5}=a{1,7}./max(max(a{1,7}));% normalized WC Vol%  vs angle sod 
interpolation 
b{1,6}=a{1,8}./max(max(a{1,8}));% normalized Co mean free path vs angle 
sod interpolation 
b{1,7}=a{1,9}./max(max(a{1,9}));% normalized O atomic% vs angle sod 
interpolation 
b{1,8}=a{1,10}./max(max(a{1,10}));% normalized Wear rate vs angle sod 
interpolation 
  
%trav.speed interpolations normalized 
b{2,1}=a{2,3}./max(max(a{2,3}));% normalized thickness vs trav.speed 
interpolation 
b{2,2}=a{2,4}./max(max(a{2,4}));% normalized microhardness vs trav.speed 
interpolation 
b{2,3}=a{2,5}./max(max(a{2,5}));% normalized porosity vs trav.speed 
interpolation 
b{2,4}=a{2,6}./max(max(a{2,6}));% normalized res.stress vs trav.speed 
interpolation 
b{2,5}=a{2,7}./max(max(a{2,7}));% normalized WC Vol% vs trav.speed 
interpolation 
b{2,6}=a{2,8}./max(max(a{2,8}));% normalized Co mean free path vs 
trav.speed interpolation 
b{2,7}=a{2,9}./max(max(a{2,9}));% normalized O atomic% vs trav.speed 
interpolation 
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b{2,8}=a{2,10}./max(max(a{2,10}));% normalized Wear rate vs trav.speed 
interpolation 
%% Plot the interpolated exp results 
figure('name','experimetal results','Position', [10, 10, 1749, 895]); 
  
subplot(2,4,1) 
title('norm. Coating thickness'); 
surfc(a{1,1},a{1,2},b{1,1}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. Coating thickness ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,2) 
title('norm. Microhardness'); 
surfc(a{1,1},a{1,2},b{1,2}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. Microhardness') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,3) 
title('norm. Porosity'); 
surfc(a{1,1},a{1,2},b{1,3}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. Porosity') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,4) 
title('norm. Residual stress'); 
surfc(a{1,1},a{1,2},b{1,4}); 
%axis([120, 240, 30, 90, 0, 450]); 
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xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. Res.stress ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,5) 
title('norm. Coating thickness'); 
plot(speedpoints,b{2,1}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Coating thickness ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,6) 
title('norm. microhardness'); 
plot(speedpoints,b{2,2}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Microhardness ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,7) 
title('norm. porosity'); 
plot(speedpoints,b{2,3}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Porosity ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,8) 
title('norm. Residual stress'); 
plot(speedpoints,b{2,4}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Res.stress') % y-axis label 
grid on 
grid minor 
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%second figure 
figure('name','experimetal results 2','Position', [10, 10, 1749, 895]); 
  
subplot(2,4,1) 
title('norm. WC Vol%'); 
surfc(a{1,1},a{1,2},b{1,5}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. WC Vol% ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,2) 
title('norm. Co mean free path'); 
surfc(a{1,1},a{1,2},b{1,6}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. Co mean free path') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,3) 
title('norm. O atomic%'); 
surfc(a{1,1},a{1,2},b{1,7}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
zlabel('norm. O atomic%') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,4) 
title('norm. Wear rate'); 
surfc(a{1,1},a{1,2},b{1,8}); 
%axis([120, 240, 30, 90, 0, 450]); 
xlabel('SoD(mm)') % x-axis label 
ylabel('Spray angle (deg.)') % y-axis label 
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zlabel('norm. Wear rate ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,5) 
title('norm. WC Vol%'); 
plot(speedpoints,b{2,5}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. WC Vol% ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,6) 
title('norm. Co mean free path'); 
plot(speedpoints,b{2,6}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Co mean free path ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,7) 
title('norm. O atomic%'); 
plot(speedpoints,b{2,7}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. O atomic% ') % y-axis label 
grid on 
grid minor 
  
subplot(2,4,8) 
title('norm. Wear rate'); 
plot(speedpoints,b{2,8}); 
xlabel('Gun traverse speed (mm/sec)') % x-axis label 
ylabel('norm. Wear rate') % y-axis label 
grid on 
grid minor 
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Figure A8 Normalized and interpolated experimental results for coating thickness, Microhardness, porosity and 
residual stresses (Only for demonstration purposes). 
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Figure A9 Normalized and interpolated experimental results for WC Vol.%, binder mean free path, O at.% and Wear 
rate (Only for demonstration purposes). 
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6. Calculation of the coating properties for each point on the sprayed geometry  
The code below first checks that the calculated kinematic data of the analyzed geometry is with the 
boundaries of the experimental results that are entered in the previous step. In that case, it assigns 
a weight (normalized result of the χ coating property) to each vertex of the ordered grid that was 
produced in section A3, in accordance with the calculated kinematic parameters that correspond to 
it. This is performed serially for all the spray passes.  
Finally, the magnitude of the assigned weight, is color coded and mapped on the ordered grid, 
illustrating the behaviour of the coating with the rotation of the geometry, for each examined 
coating property. These results are not absolute, but normalized (i.e. the best and worst areas are 
highlighted on the geometry). In order to achieve true predictions, a specific input for each coating 
property, for a specific set of kinematic conditions (i.e. the coating thickness at 900 of spray angle, 
120 mm of spray distance and 500 mm/s is ψ) should be given so that it can be multiplied with the 
assigned weights. 
 
 
 
%% Check that the calculated kinematic values fall in the range of the 
experimantal data AND calculate the coating properties for each point   
flag2=false;%create flag2 to break the loops in case of inadequate 
experimental data 
coef=1; % coefficient for estimating the coating charatcristics at every 
pass/prec step (initially normalized to 1) 
  
kinemat=cellfun(@round,kinemat,'uni',false); 
  
for i =1:length(kinemat); %for every pass 
    extremesod=[min(kinemat{i}(:,1)),max(kinemat{i}(:,1))]; % min and max 
of rounded SoD values for the ith pass 
    extremeimpactangle=[min(kinemat{i}(:,2)),max(kinemat{i}(:,2))]; % min 
and max of rounded impact angle values for the ith pass 
    extremetravspeed=[min(kinemat{i}(:,4)),max(kinemat{i}(:,4))]; % min 
and max of rounded trav speed values for the ith pass 
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    %check that the clculated SoD for the ith pass lies within the limits 
of the interpolated experimental data 
    if (extremesod(1)>=a{1,1}(1,1) && 
extremesod(2)<=a{1,1}(1,length(a{1,1}(1,:)))) 
        sodid=abs(a{1,1}(1,1)-kinemat{i}(:,1))+1; %find the column from 
gridddata{1,1} that corresponds to the calculated SoD 
    else 
        disp('Inadequate SoD experimental Data') %if not stop the 
calculation 
        flag2=true; 
        break 
    end 
     
    %check that the calculated impact angle for the ith pass lies with in 
the limits of the interpolated experimental data 
    if (extremeimpactangle(1)>=a{1,2}(1,1) && 
extremeimpactangle(2)<=a{1,2}(length(a{1,2}(:,1)),1)) 
        angid=abs(a{1,2}(1,1)-kinemat{i}(:,2))+1; %find the row from 
gridddata{1,2} that corresponds to the calculated angle 
    else 
        disp('Inadequate impact angle experimental Data') %if not stop the 
calculation 
        flag2=true; 
        break 
    end 
     
    %check that the clculated trav.speed for the ith pass lies with in the 
limits of the interpolated experimental data 
    if (extremetravspeed(1)>=speedpoints(1,1) && 
extremetravspeed(2)<=speedpoints(length(speedpoints))) 
       travid=abs(speedpoints(1,1)-kinemat{i}(:,4))+1; % find the indice 
from speedpoints (vector) that corresponds to the calculated trav.speed 
    else 
        disp('Inadequate gun trav.speed experimental Data') 
        flag2=true; 
        break 
    end 
     
 APPENDIX A 
 
286 
 
    %*Normalized* 
    %COATING CHARACTERISTICS PROJECTIONS FOR ALL POINTS OF ith PASS 
    %The results for each pass will be assigned to kinematic{i,2}....... 
    
kinemat{i,2}(:,1)=coef.*b{1,1}(sub2ind(size(b{1,1}),angid,sodid)).*b{2,1}(
travid); %projections for coating thickness of the points of ith pass 
    
kinemat{i,2}(:,2)=coef.*b{1,2}(sub2ind(size(b{1,2}),angid,sodid)).*b{2,2}(
travid); %projections for coating microhardness of the points of ith pass 
    
kinemat{i,2}(:,3)=coef.*b{1,3}(sub2ind(size(b{1,3}),angid,sodid)).*b{2,3}(
travid); %projections for coating porosity of the points of ith pass 
    
kinemat{i,2}(:,4)=coef.*b{1,4}(sub2ind(size(b{1,4}),angid,sodid)).*b{2,4}(
travid); %projections for coating res.stress of the points of ith pass 
    
kinemat{i,2}(:,5)=coef.*b{1,5}(sub2ind(size(b{1,5}),angid,sodid)).*b{2,5}(
travid); %projections for coating WC Vol% of the points of ith pass 
    
kinemat{i,2}(:,6)=coef.*b{1,6}(sub2ind(size(b{1,6}),angid,sodid)).*b{2,6}(
travid); %projections for coating Co mean free path of the points of ith 
pass 
    
kinemat{i,2}(:,7)=coef.*b{1,7}(sub2ind(size(b{1,7}),angid,sodid)).*b{2,7}(
travid); %projections for coating O atomic% of the points of ith pass 
    
kinemat{i,2}(:,8)=coef.*b{1,8}(sub2ind(size(b{1,8}),angid,sodid)).*b{2,8}(
travid); %projections for coating Wear rate of the points of ith pass 
  
end 
%% Map coating charatcristics predictions on geometry 
  
figure('Name','Mapping of predictions on geometry','Position', [10, 10, 
1749, 365]); 
  
for i=1:length(zsteplist) 
     
    subplot(1,4,1) 
    title('Norm. thickness'); 
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scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,1)); 
    colorbar 
    hold on 
    subplot(1,4,2) 
    title('Norm. microhardness'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,2)); 
    colorbar 
    hold on 
    subplot(1,4,3) 
    title('Norm. porosity'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,3)); 
    colorbar 
    hold on 
    subplot(1,4,4) 
    title('Norm. res.stress'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,4)); 
    colorbar 
    hold on 
end 
figure('Name','Mapping of predictions on geometry','Position', [10, 10, 
1749, 465]); 
for i=1:length(zsteplist) 
     
    subplot(1,4,1) 
    title('Norm. WC Vol.%'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,5)); 
    colorbar 
    hold on 
    subplot(1,4,2) 
 APPENDIX A 
 
288 
 
    title('Norm. Co mean free path'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,6)); 
    colorbar 
    hold on 
    subplot(1,4,3) 
    title('Norm. O atomic%'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,7)); 
    colorbar 
    hold on 
    subplot(1,4,4) 
    title('Norm. Wear rate%'); 
    
scatter3(gridd{i,5}(:,1),gridd{i,5}(:,2),gridd{i,5}(:,3),30,kinemat{i,2}(:
,8)); 
    colorbar 
    hold on 
end 
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Figure A10 prediction on the analyzed geometry for WC Vol.%. 
 
Figure A11 prediction on the analyzed geometry for Coating thickness. 
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Figure A12 prediction on the analyzed geometry for microhardness. 
 
 
Figure A13 prediction on the analyzed geometry for specific wear rate. 
 
 
 
